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A theoretical study of the Mn trimer adsorbed on the noble metal surfaces Au(111) and Cu(111) is reported.
The calculations were performed using first-principles methods within the density functional theory and the
generalized gradient approximation in the collinear and non-collinear magnetic phases. The system was
modeled by considering a surface unit cell of 25 atoms to improve the trimer's isolation on the surface.
We evaluated the trimer as a linear chain and forming triangular structures. The triangular trimer can be
adsorbed in two possible configurations, above an empty surface triangle site (A) or on a triangle with
a surface atom at the center in a hexagonal structure (H). The difference is the coordination of the Mn
with surface atoms. We studied the antiferromagnetic (AF), ferromagnetic (FM), and non-collinear (NC)
magnetic cases. As a result, the lowest energy configuration on both metals is the AF® configuration,

which has an isosceles triangle shape. In comparison, the NC and the FM configurations adopt an
Received 26th July 2021

Accepted 9th September 2021 equilateral geometry. The same trend was observed for the H configurations, but they are less bonded.

The results are supported by calculating the spin-polarized electronic structure and the electronic

DOI: 10.1039/d1ra05714f charge transfer. Finally, we computed the energy barriers that inhibit the transformation of the linear
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1 Introduction

The 3d series magnetic elements, Mn, Fe, Co, and Ni, exhibit
electronic and magnetic properties that are attractive in areas
such as co-catalysts,"” and magnetic devices.>* Studies of these
elements at the atomic level, in a free state, reveal that their
physical properties depend on the cluster size, geometrical
shape, and coordination number.>” In the case of Mn, which
has the highest magnetic moment of all 3d elements, its
magnetic behavior depends on the interatomic distances, the
number of first neighbors, and the magnetic coupling between
the Mn atoms in the cluster.'***

Experimental studies, based on resonance Raman spectros-
copy (RS)* and electron spin resonance, (ESR)* have observed
an antiferromagnetic (AF) ground state for Mn, with a bond
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chain to a delta Mn trimer on both substrates.

length of 3.17 A and binding energy of 0.44 + 0.30 eV per
atom.'®*® Early all-electron density functional theory (AE-DFT)
studies predicted that the base state of Mn, must be FM with
much lower energy and a bond length smaller than the exper-
imental one (~2.60 A).'>" First-principles calculations based on
the local density approximation (LDA) reported that the equi-
librium bond distance of Mn, depends on the magnetic
coupling. It is 2.890 A in the AF state and 3.06 A for the FM
one.”” Other theoretical results found that the lowest energy
state belongs to the AF configuration.'®*" Likewise, Mnj; is
very interesting because it can adopt either a FM or a collinear
frustrated AF state as a free molecule. It is reported that the AF
state has an isosceles triangular structure.>* Similarly, reso-
nance Raman spectra studies suggest that the ground state is
the Jahn-Teller distorted Dj;, structure with an odd integer
magnetic moment.** Otherwise, a small magnetic interaction is
expected when magnetic clusters are deposited on non-
magnetic surfaces. Also, lattice parameters and first surface
neighbors restrict the adsorption of atoms on a particular
surface. In this sense, Bornemann et al. observed a significant
polarization on Ir(111) and a smaller effect on Au(111).°
Although Mn, Fe, Co, and Ni are neighboring chemical
elements, they exhibit different physical properties that depend
on the geometrical shape and size of the cluster.”

To the best of our knowledge, there is no experimental
evidence of the adsorption of Mn; on Au(111) and Cu(111)
surfaces, but there are a few reports on other systems. In
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a previous study, Scanning Tunnelling Microscopy (STM) was
used to manipulate Mn atoms on the Ag(111) surface to form
small Mn,, clusters (n = 2-4),>* similar to the work done on the
Crz/Au(111) system.*® In another report from the same year,
Hirjibehedin et al. manipulated Mn atoms with STM on a CuN
island of Cu(111) surface. Together with spin-excitation spec-
troscopy, they focused on studying the spin interactions in the
formed linear chains of Mn,, (n = 1-10) to make an advance in
the comprehension of the low-dimensional magnetism.>®

Theoretical studies of Mn clusters deposited on substrates of
transition metals have been performed within the linear muffin-
tin orbital atomic sphere approximation (LMTO-ASA) without
considering structural relaxation.***?®* However, it has been
proven that structural relaxation can change the magnetic prop-
erties of supported clusters.®** In particular, it has been shown
that the minimum energy magnetic state of manganese clusters is
strongly related to the interatomic distances Mn-Mn,">** feature
that is discussed in detail in the following sections. The results for
Fe clusters deposited on Cu(111) showed an FM ordering.”” In the
case of Fe clusters with n = 2-7 atoms showed magnetic moments
of 3.45 ug per atom in the dimer, and 2.56 up in the central atom of
the seven atom cluster.””

The Mn trimer on the Cu(111) surface showed that the most
favorable coupling is the non-collinear (NC), while those with
ferromagnetic coupling are higher in energy.” For example, it was
reported that the most stable configuration is the equilateral
triangle shape with angles of 120°. The energy difference between
a non-collinear solution and a frustrated collinear AF solution is 13
meV per atom and 102 meV per atom for the FM solution.”” Also, it
was demonstrated that the magnetic moment decreases when the
number of atoms increases.”*” In the case of AF coupling between
the nearest-neighbor atoms, one finds either a collinear AF struc-
ture or a non-collinear magnetic structure due to frustration in the
cluster's geometry of Mn on Cu(111).”

This paper reports a theoretical study of Mn; adsorbed on
Au(111) and Cu(111) surfaces. The calculations were performed
within the collinear and non-collinear magnetism to accurately
describe the lowest energy magnetic states of the Mnj; trimer on
those substrates. Our results show that the lowest energy
configurations for the Mn; triangular trimer on these surfaces
are those with AF coupling. There are two adsorption geome-
tries on (111)-fce surfaces, one located at the top of six surface
atoms, called A, and the other above seven surfaces atoms,
called Hexagon, H (see Fig. 1). We found that in the A configu-
ration, the trimer is most strongly bonded. This effect is
produced by more balanced coordination between Au and Mn
atoms. Unlike previous studies, this work considers the struc-
tural relaxation of surfaces and Mnj, which has crucial effects
on the geometries of these systems, the lowest energy magnetic
state, and the electronic structure. We observed that the
supercell's size has to be large enough to avoid interactions
between trimer neighbors. The structural properties are
accompanied by the analysis of the spin-polarized partial
density of states in conjunction with the charge density redis-
tribution. Furthermore, we calculate the energy barriers that
block the movement of the atoms to change from a linear to
a triangular arrangement A. These calculations could help to
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Fig.1 (a) The (5 x 5) supercell of a Au (111) surface layer. Odd and even
numbers stand for hcp, and fcc like sites, respectively. The magnetic
configurations considered in our calculations for Mns are (b) FM, (c) AF,
and (d) non-collinear. Figures (e) and (f) show the Mns/Au(111)
arrangements in the A and H configurations, respectively. Au atoms
are in gold and Mn atoms are in purple. In the last two figures, “e, v, and
c,” denote edge, vertex, and central Au sites.

understand the results of STM experiments manipulating Mn
atoms on noble metal surfaces.

The paper is organized as follows; a detailed description of
the computational details is given in the next section. The
results related to the Mn trimer adsorption on the Au(111) and
Cu(111) surfaces are presented on Sec. 3.1 and 3.2, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The information on the electronic structure characteristic of
Mn; on Au(111) and Cu(111) are given in Sec. 3.3 and 3.4,
respectively. The energy barrier calculations are presented in
Sec. 3.5. Finally, the conclusions are contained in Sec. 4.

2 Computational details

Calculations of the total energy were performed within the frame-
work of the density functional theory (DFT) and the projector-
augmented wave (PAW)*” method, as implemented in the
Vienna Ab initio Simulation Package (VASP).***' The exchange-
correlation energy was described within the generalized gradient
approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE)*
description. The wave functions are expanded in a plane-wave basis
set with a cutoff energy of 400 and 290 eV for Cu and Au, corre-
spondingly. This ensures that the forces are less than 0.01 eV A" in
each of the cartesian directions in the equilibrium configurations.
We have considered a convergence criterion 10’ €V in the total
energy difference. The Monkhorst-Pack scheme was employed for
the Brillouin-zone (BZ) integrations* with the mesh 6 x 6 x 1.

The lattice parameters for Cu and Au in bulk (ac, = 3.59 A, and
aas = 4.166 A) are in good agreement with experimental results
from the literature.* These lattice parameters were used to model
a surface layer with a 5 x 5 x 1 supercell, and five surface layers
thickness, 125 atoms. The two bottom layers were kept fixed to the
bulk values, and the other three, together with the Mn atoms, were
allowed to relax. Previously, some calculations were performed
with a 4 x 4 x 1 supercell, as was reported in the literature.*® We
found that in that case, the Mn trimer interacts with neighbor
cells, as reflected on the adsorption energy. Thus, for comparison,
we include the relative adsorption energies of Mn; on 4 x 4 x 1 Au
supercell. After the structural relaxation, the Au(111) surface layer
expands 0.82%, and the second layer compresses 0.65%. In the
case of the adsorption on the Cu(111) surface, the first layer
expands 1.25%, and the second layer undergoes a compression of
1.71% in the [001] direction. A vacuum of 12 A was considered in
the direction perpendicular to the surface to avoid spurious
interactions due to periodic conditions. We deposited three Mn
atoms on the surface to form the trimer Mn;, representing
coverage of 3/25. For this composition, the distance Mn;-Mn;
between images is 10 A and 11.80 A for Cu(111) and Au(111)
surfaces, respectively. This distance ensures that the interaction
between Mn trimer neighbors is negligible.

The adsorption energy E,q was calculated as follows:

Ead = EMnR/surf - Esurf - Ean (1)

where Enpn jsurty Esurp, and Enp, are the total energies of the
adsorbate-surface system, the clean surface, and the Mn;
molecule. The charge redistribution due to Mn's adsorption
process on the surface is used to analyze the nature of electron
transfer. The charge density difference is calculated as follows

Ap(l’) = pMn;/surf(r) - psurf(r) - /)Mn3(r), (2)

where pyin/surt(Y), Psure(r), and pun (1) are the charge density at
a given point r of the Mn-surface system, the corresponding

© 2021 The Author(s). Published by the Royal Society of Chemistry
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clean gold surface, and the contribution to the charge density
from the free trimer, respectively.

The dissociation paths and diffusion barriers are determined
by using the nudged elastic band (NEB) method.**® The climbing
image NEB (cNEB) method**® is commonly used to determine the
saddle point in the energy barriers for the mobility of atoms and
molecules on surfaces.*~>* Here, we used the cNEB to determine
the saddle point in the energy barriers in the transformation of the
Mn; from a linear chain to the delta configuration by considering
four images between the initial and final states.

3 Results and discussion
3.1 Mn trimer adsorption on Au(111)

According to the literature, the lowest adsorption energy for
a Mn atom adsorbed on Au(111) surface is reached when the Mn
atom is coordinated with three Au atoms, preferentially on fcc
sites.**** Thus, in this work, we focus our study in the adsorp-
tion of Mn atoms on fec-like sites. Fig. 1(a) shows several
possible triangular adsorption sites located on the topmost
surface layer supercell. Here, even (odd) numbers represent fcc
(hep)-like sites. The Mnj; trimer can be adsorbed on the surface
as a linear chain®® or with a triangular shape.?” In the first case,
Mn atoms are adsorbed in adjacent fcc-like positions, i.e. sites 8,
10, and 12 in Fig. 1(a). The Mn triangular trimer can be adsor-
bed in two ways over the surface if we only consider fcc sites. In
the first one, Mn atoms are at 8, 10, and 16 sites, for which the
surrounding surface atoms form a delta (A configuration), with
three atoms on the vertex (v) and three atoms on edge (e), see
Fig. 1(e). In the second one, the Mn atoms are at 10, 16, and 18
sites forming a hexagon (H configuration) with six atoms in the
vertex (v) and one atom at the center (c) of the hexagon, see
Fig. 1(f). We can see that in the A (H) configuration, Mn; has six
(seven) surface neighbor atoms, while in the linear chain, it has
seven.

The linear chain adsorbed on Au(111) surface was previously
studied using the LMTO-ASA approximation, with and without
structural relaxation.”® In the relaxed structures, only a 4% of
variation (inward) was considered in the Mn distance to Au.
These calculations placed the Mn atoms in the fcc sites above
the Au(111) surface. Then, the interatomic dy,-mn distance was
2.949 A if we consider a lattice parameter a = 4.08 A.* The same
procedure was performed for Mn; adsorbed on Cu(111) and
Ag(111) surfaces. So that, the Mn-Mn interatomic distances and
the magnetic states were fixed and determined by the lattice
parameter of the bulk transition metal. However, as was re-
ported, the optimized dy,-Mmn distance has a determining role in
the lowest energy magnetic state of Mn clusters.'> Even with the
limited relaxation, some authors 28 have observed important
differences in the exchange coupling J of the Mn atoms, leading
to different energy magnetic states depending on relaxation.

In our case, as was already mentioned, the relaxation was
considered in the FM and AF (the central atom has a negative
magnetic moment) configurations within the collinear magne-
tism. In the case of Au(111) surface, the linear chain's distor-
tions are almost null since the two Mn-Mn bonds form an angle
of almost 180° (~179°) for both AF and FM configurations, see

RSC Adv, 2021, 11, 31073-31083 | 31075
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Fig. 2 Manganese distorted linear trimer adsorbed on the topmost
layer of (a) Au(111) and (b) Cu(111) surfaces.

Fig. 2(a). The difference in adsorption energy (E,q) between the
FM and AF states is 81 meV per atom, with a magnetic moment
4.76 up and 14.13 ug for AF and FM, respectively. The main
results are listed in Table 1. We can also notice that the AF
interactions promote a smaller interatomic bond distance dy,-
Mmn than in the FM one, while the distances dy,-a, are slightly
smaller for the FM configuration. As we can see, relaxation plays
an important role in the geometry and the values for adsorption
energy of the ground state.

It is important to note that the adsorption of Mn; on Au(111)
surface, in the triangular configuration, has not been reported
previously. Thus, to see the importance of the supercell size, we

Table 1 Physical properties of Mns adsorbed on Au(111) surface. The
atomic Mn coverage is § = 3/25. Results are presented for the linear
chain and triangular trimer in A and H arrangements. Here E,q is the
adsorption energy in eV, uioral is the total magnetic momentin ug, dun—
mn is the bonding distance Mn—Mn, and du,-au is the distance between
Mn and Au neighbor surface atoms. The number in brackets is the
multiplicity of equal bonds

Eaas Mtotal dMn—Mn dMn—Au
Linear chain
AF —6.162  4.76  2.848(2) 2.560(2), 2.562, 2.606(2)
2.625(2), 2.641(2),
FM  —6.081 13.74 3.104(2) 2.548(2), 2.559, 2.560(2)
),

Triangular trimer

2.592(2), 2.610(2)

AF*  —6.535  4.35 2.690(2), 2.871  2.608(2), 2.648(2), 2.632(2)
2.623(2), 2.672

AFT 6208  4.32  2.683(2),2.853  2.610(2), 2.691(2), 2.635(2)
2.718, 2.652(2)

NC* —6.492 0 2.761(3) 2.643(6), 2.618(3)

NC? 6195 0 2.731(3) 2.642(6), 2.666(3)

FM® —6.482 13.72  2.846(3) 2.605(6), 2.636(3)

FM"  —6.177 13.67 2.873(3) 2.618(6), 2.628(3)
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calculated the adsorption energy E,q using both, a 4 x 4 x 1,
and 5 x 5 x 1 supercells. We found that the lowest state in both
cases is the antiferromagnetic A triangular configuration. Fig. 3
shows the adsorption energy difference of the various states
compared to the AF* configuration for both supercells. As we
can observe, the NC* is less bonded than the FM* when using
a4 x 4 x 1 supercell, in contrast to the results for the larger
supercell. The lowest energy sequence obtained in the last case
is the AF*, followed by the NC* and the FM* one. The same
trend appears for Mn in the H arrangement. As we can see, if we
compare a specific magnetic state, there is an energy difference
of at least 300 meV between the A and H configurations. We also
made some calculations, including the spin-orbit coupling, and
found no important effect on the different magnetic states nor
their relative energy. Similar behavior has been found in several
Au nanostructures.®® Note that the Mn trimer in the triangular
shape is more stable than the linear chain, see Table 1.

It is observed that the Mn-Mn interatomic distances (dy,-
mn) are equal in the FM and NC configurations (equilateral
triangles). In contrast, an isosceles triangle shape is found in
the AF state of the Mn trimer. This configuration was also
observed when Mn; is on Cu(111).* Here, the longest dym mn
bond corresponds to the triangle base, and their magnetic
moments are ferromagnetically coupled. In the AF* triangle, the
base consists of Mn atoms in sites 8 and 10. While, for AF"
triangle, the base Mn atoms are located in sites 10 and 16. Also,
the value of dyymmn in the FMY state is the longest when
compared with the NC and AF cases. It is worth mentioning that
this value is also larger than those reported in free clusters.*

Furthermore, the dun-au values are pretty similar among
each other. Besides, the distortion of Au(111) surface due to
Mn; adsorption is reduced to the topmost layer, mainly in the xy
plane; the Au atoms in the triangles below the Mn atoms
undergo a small expansion. We found an average perpendicular

300 -

,_.

]

S
T

1 1 | 1 1 1
A A A H H H

FM AF
Magnetic coupling

NC M

Fig. 3 Adsorption energy difference (AE,q) of the various Au(111)/Mns
cases, with respect to the value of the Mns in the AF* configuration.
The curve obtained with a 5 x 5 supercell corresponds to the data
from Table 1. We also show the results using a 4 x 4 supercell for
comparison.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Mn-Au distance (Zyn,-au) between the surface and Mn trimer of
1.910, 1.929, and 1.859 A for AF, NC, and FM, respectively, in the
H arrangement. In contrast, in A configurations, the values are
1.883, 1.887, and 1.862 A, respectively. It is important to
mention that the interlayer distance in the bulk of Au is dpyx =
2.405 A, while the distance between the topmost two layers is d;_
, = 2.450 A. So, the distance Zmn,-au 1S smaller than dy_,; the
lattice parameter of Au allows that the Mn atoms to be adsorbed
in the Au triangles closer to the plane of the topmost layer.

3.2 Mn trimer adsorption on Cu(111)

There are reports, based on the LMTO-ASA theory,”*” on the
absorption of Mn; over the Cu(111) surface. These calculations
do not consider the structural relaxations and fix the Mn atoms
to the fcc positions. The authors reported that AF exchange
interactions between Mn nearest neighbors cause either
collinear AF or NC order. The NC ordering occurs when the
cluster geometry is such that an AF arrangement becomes
frustrated, as in the triangular trimer.”” For their part, Ke-Hua
et al.* studied the adsorption of Mn; on Cu(111) surface with
a4 x 4 x 1 supercell considering atomic relaxation. Unfortu-
nately, this cell is not large enough to prevent Mn;-Mn; inter-
actions and leads to ground state energies that do not
correspond to the isolated trimer. Here, we present results
using a 5 x 5 x 1 supercell, including full atomic relaxation.

The physical properties of Mn; adsorbed as the linear chain
on the Cu(111) surface are listed in Table 2. The lowest energy
for the linear chain on the Cu(111) surface corresponds to the
AF state, with an energy difference of 42.333 meV per Mn atom,
with respect to the FM solution, and a magnetic moment of 4.50
up. Bergman et al. found the same configuration in their no-
relaxed LMTO-ASA calculations.*

Under relaxation, the linear chain undergoes a distortion
that changes the Mn-Mn-Mn angle from 180 to 165° see

Table 2 Physical properties of Mnz adsorbed on the Cu(111) surface (6
= 3/25) for linear chain and triangular trimers in A and H arrangements.
Here E,q4 is the adsorption energy in eV, uiota is the total magnetic
moment in ug, dun-mn iS the bonding distance Mn—Mn, and dun_cy is
the distance between Mn and Cu atoms from the surface. The number
in brackets is the multiplicity of equal bonds

Ead Mtotal dMn—Mn dMn—Cu

Linear chain

AF  —5.497 450  2.697(2) 2.534(2), 2.555(2), 2.456(2)
2.566(2), 2.459

FM  —5.371  13.58 2.775(2) 2.439(2), 2.492(2), 2.455(2)
2.546(2), 2.557

Triangular trimer

AF*  —5.864 437 2.635(2),2.790 2.492(2), 2.533(2), 2.551(2)
2.538(2), 2.513

AFY —5.673 433 2.642(2),2.791  2.476(2), 2.551(2), 2.571(2)
2.571(2), 2.476

NC*  —5.797 0 2.677(3) 2.540(3), 2.539(3), 2.497(3)

NCH  —5.671 0 2.654(3) 2.588(3), 2.518(6)

FM® —5.785 —13.49 2.769(3) 2.489(3), 2.533(6)

FM"  —5.603  13.76 2.783(3) 2.579(3), 2.502(6)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2(b). The Mn-Mn bond distance is 2.697 (2.775) A for the AF
(FM) configuration. These distances are larger than those re-
ported for Mn, on the same surface.*® As we can see, the
interatomic distances dyin-mn and dyn-cy are smaller than those
in the linear chains on the Au(111) surface (see Table 1). The
significative contrast in the interatomic distances between both
surfaces is due to the lattice parameter difference. A larger
lattice parameter imposes a larger interatomic distance. At the
same time, the Mn atoms bind stronger to the surface. This
shows how the surface geometry modifies the structure of Mnj;
linear chain, mainly in the Mn-Mn-Mn angle and interatomic
distances.

The adsorption of Mn; triangular isomer on Cu(111) shows
similar behavior to the Mn; adsorption on Au(111). The Mn;
molecule adsorbs stronger in a A geometry (see Table 2).
Bergman et al.>»*” found a similar result, although they do not
mention the location of Mn atoms on the Cu(111) surface. They
just reported that the lowest energy configuration for triangular
trimer on Cu(111) surface is reached when Mn atoms are in an
NC arrangement with an angle of 120° between the magnetic
moment. Since the positions of the Mn atoms were artificially
fixed to the surface sites, the dy,_mn distances are 2.5385 A (for
an experimental lattice parameter a = 3.59 A (ref. 44)), a value
that is smaller than the one obtained in this work for the
different configurations, see Table 2. Furthermore, it was re-
ported that a lower adsorption energy for Mn;/Cu(111) system is
achieved when the three Mn atoms are on bridge sites in an AF
configuration.*® We found that this configuration is higher in
energy than the A geometry. Ke-Hua et al.*® found a similar AF
solution with Mn-Mn interatomic bond distances of 1.92, 1.91,
and 2.37 A. As shown in the Table 2, our results are 2.577, 2.567,
and 2.738 A. We believe that this difference might be due to the
smaller energy cut-off of 300 eV considered in the work of Ke-
Hua et al.*®

Similar to the Au results, Mn atoms form an equilateral
triangle in the NC and FM configurations. In contrast, in the AF
one, the atoms form an isosceles triangle, as observed previ-
ously 35. The longest side corresponds to the triangle base,
which occupies sites 8 and 10 (10 and 16) in the A (H) config-
uration. According to Tables 1 and 2, dy,-cy distances are
smaller than in the Mnjz/Au(111) system, but the opposite
occurs for the average distance between the atoms from the
topmost layer of Cu(111) surface and the Mnj trimer, Zym,_cu-
The values obtained for zys, ¢, in the H arrangement are 2.032,
2.036, and 2.024 A for the AF, NC, and FM state, respectively,
whereas in the A configuration the values are 2.006, 2.0, and 2.0
A. We found that the interlayer distance in the bulk of Cu is
dyuik = 2.073 13, while the average distance between the topmost
two Cu layers when Mn; is adsorbed on the surface is d;_, =
2.11 A. Thus, we can see that zy,_cy is closer to the distance d;_,
than in the Mn;/Au(111) system.

3.3 Electronic structure of Mn;z/Au(111)

The analysis of the electronic structure is fundamental to
understand the adsorption of molecules on surfaces. Here, we
focus our research on the spin-polarized electronic density of
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Fig. 4 Spin-polarized partial electronic density of states (DOS) per
atom for the Mn linear chain adsorbed on the Au(111) surface. (a) The
total and partial contributions from the Mn atoms with positive (2
atoms) and negative (one atom) magnetic moments. (b) The partial
DOS in the Au(11l) surface atoms in the neighborhood of the Mn
trimer. The label C refers to the Au atoms corresponding to the
topmost layer when the surface is clean, while “t,” "d", and “0" corre-
spond to the Au DOS in the positions labeled with those letters in
Fig. 2(a). The energy is referred to the Fermi energy.

states (DOS) produced when the Mn trimer is adsorbed in the
AF configurations forming a linear chain and the triangular
Mn; (both A and H) on the Au(111) surface. Fig. 4 shows the
partial DOS for the AF Mn linear chain. The spin-up DOS are
plotted in the upper panel, while the lower part draws the spin-
down states. The black curves correspond to the sum of the
three atoms. The discontinuous red (green) one corresponds to
one of the Mn atoms with magnetic moment in the up (down)
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direction. In this arrangement, the two extreme Mn atoms are
aligned with the magnetic moment pointing in the plus z-axis.
The middle atoms have a magnetic moment pointing in the
opposite direction. We have included only d orbital results since
there are no significant contributions close to the Fermi level
due to the s states. Since the two Mn atoms at the end of the
liner chain have the same environment, the DOS are equal. The
electronic states show the characteristic half-filled spin-up
d orbital below the Fermi level (at zero energy). The spin-up
states are just below the Fermi level, with significant contribu-
tions from the spin-down states. In comparison, the Mn atom
with a negative magnetic moment presents DOS that are not
entirely antisymmetric to those of the Mn" atoms. Fig. 4(b) shows
that the electronic states corresponding to the two-fold coordi-
nated Au surface atoms (denoted by “d”) contain more low energy
states than that of the mono-coordinated “t” and “0” atoms, mostly
below —4 eV. We can also see no significant differences in the
partial DOS between “t” and “o” atoms. In this figure, the DOS
characteristic of the clean surface is denoted by “C.”

By taking the difference of the total spin-up and down elec-
trons, we obtained the data shown in Table 1. We see that the
FM and AF Mn arrangements' total magnetic moments yield
a magnetic moment of 13.74 and 4.76 up, respectively.
Furthermore, the magnetic moment induced in the neighbor
Cu atoms is negligible.

In the case of the isosceles triangular trimer, we show in
Fig. 5 the partial DOS for the Mn; adsorbed on Au(111) in (a)
AF*, and (c) AF", configurations. The upper panels of Fig. 5, (a),
and (c) show the contributions arising from the Mn atoms, two
with positive and one with negative magnetic moment values.
The atoms with magnetic moments in the same orientation are
those on the triangle base. We present the partial DOS in the Au
neighbor atoms in the lower panels. The labels (C), (v), and (e)
mean clean surface and atoms in the vertex and the edge sites.
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Fig.5 Spin-polarized partial DOS in the Mns/Au(111) system in the AF state (a) and (b), and AF™ state (c) and (d), configurations. Figures (a) and (c)
show the d electronic states in the Mn trimer per atom; Figures (b) and (d) show the d electronic states in the Au atoms in the clean surface (C),
vertex (v), edge (e), and center (c) of the respective arrangement. The energy is referred to the Fermi energy.
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Furthermore, in the AFY, the label (c) corresponds to the atom
in the center of the hexagon, see Fig. 1(e) and (f). From those
figures, one observes that all the Mn atoms are three-fold
coordinated (in contrast to the linear chain). Furthermore, we
notice that the bands in the AF* state are wider than those of the
AFY) but the DOS belonging to the hexagonal case, the DOS
shows more structure. The sum of the spin-polarized partial
DOS gives a total magnetic moment of 4.35 ug and 4.32 ug, in
the A and H, respectively.

As seen in Fig. 1(e) and (f), the Au surface atoms bonded to the
trimer are single (v) and two-fold (e) coordinated in the A config-
uration, and two- and three-fold (c) coordinated in the H case. One
can notice, in Fig. 5(b) and (d), that depending on the number of
bonds, the modification to the deep states (—7 to —4 eV) is more
noticeable. In these figures, we show with black lines the DOS of
Au atoms on the clean surface. The most considerable interaction
occurs for the central atom in the hexagonal case.

In Fig. 6 we show the charge density difference Ap(r) for the
Mn;/Au(111) system in the (a) AF linear chain, (b) AF*, and (c) AF"!
configurations. This figure shows that the redistribution of the
charge density occurs mainly between the Mn and the bonded Au
atoms to the linear chain (seven), delta (six), and the hexagon
(seven) trimer, with a minimal redistribution of electrons of atoms
beyond the first neighbors. The asymmetries in the lobes are due
to the Mn trimer's surface deformation and the differences in the
Mn-Mn bond distances in the AF arrangements; see Fig. 6. But we
observed a symmetry along the middle of the base and the apex
triangle in the A and hexagonal arrangements. Furthermore, no
significant differences were observed in charge redistribution Ap(r)
for the second and the deeper Au layers.

3.4 Electronic structure of Mn;/Cu(111)

The spin-polarized electronic DOS for the Mn;/Cu(111) systems
are presented in Fig. 7 and 8. Since the d electronic states of Mn
and Cu are close in energy, the interaction between both kinds
of chemical elements is stronger. The partial DOS from Mnj; in
the AF linear chain configuration shows that the states of Mn

) [ 0
o—0 oa—RN o—0
o—0—0 oO—0—0 o—o0——0
o o o—o—a—o d¢—8—8—=a

o—a ) o0 30 a—a— 0
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o—O—0 Q o0—0 o 00O
o—0 o—0 o—0
(+] [+] (+]

() AF (b) AFA (c) AFH

Fig. 6 Charge density difference Ap(r) in the Mnz adsorbed on Au(111)
surface. (a) AF linear chain, (b) AF®, and (c) AF" configurations. Blue and
red colors represent the excess and deficiency of charge density. We
computed the charge density differences at 0.002 eV A3 It is
important to notice that there is a two-fold symmetry in the triangular
cases due to the triangles are isosceles.
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Fig. 7 Spin-polarized partial electronic density of states (DOS) per
atom for the Mn linear chain adsorbed on Cu(111) surface. (a) The total
and partial contributions from the Mn atoms with positive (2 atoms)
and negative (one atom) magnetic moments. (b) The partial DOS in the
Cu(111) surface atoms in the neighborhood of the Mn trimer. C refers
to the Cu atoms corresponding to the topmost layer when the surface
is clean, while "t", "d", and "0" correspond to the Au DOS in the posi-
tions labeled in Fig. 2(a). The energy is referred to the Fermi energy.

atoms with a positive magnetic moment, at the end positions,
differ from the central one, mainly in the higher position peaks.
A difference with the Au substrate is that, in this case, the partial
DOS below the Fermi level spreads in two main peaks around
—2.5 and —3.5 eV that coincide with the DOS of the clean
Cu(111) surface. Unlike the adsorption of Mn; on Au(111), there
is a strong hybridization between Mn; and the Cu neighbor
atoms (t, d, and o) below —3 eV.

As can be seen in Fig. 8(b), the partial DOS from the Cu(111)
surface and Mn; in the AF* configuration is wider than the DOS
of AF linear chain from Fig. 7, as a consequence of the higher
coordination number. The main difference is a higher peak
around —3.5 eV, and that in the AF case, a second peak around
—2.5 eV is as important as the —3.5 eV peak.

Regarding the AF configuration of Mnz/Cu(111) system, the
partial DOS from Mn atoms is similar to the AF* one, with the
main difference that the peak at —3.5 eV from the Mn atom with
negative magnetic moment (spin-down states) has a more
intensive peak than in the A case. This is coupled with
a lowering of the spin-up states of Mn atoms at the same energy.
It was observed that the Cu atom from the center “c” has a wider
partial DOS than the vertex “v.” Similar to what happens in the
same configuration of the Mn3/Au(111) system. Although, the
partial DOS from Mn;/Au(111) is deeper in energy than in the
Mn;/Cu(111) system.

Fig. 9 shows the charge density difference Ap(r) of Mn; on
Cu(111) surface. The linear chain presents a major charge
deficiency around the Mn atoms than in the Au(111) surface; see
Fig. 6(a). We noticed again that the Ap(r) and H configurations
have a two-fold symmetry with respect to the line that joins the
apex with the central part of the base of the isosceles triangles.
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Fig. 8 Spin-polarized partial DOS in the Mns/Cu(111) system in the AF2 (a) and (b), and AF™ (c) and (d), configurations. Figures (a) and (c) show the
d electronic states in the Mn trimer per atom; figures (b) and (d) show the d electronic states in the Au atoms in the clean surface (C), vertex (v),
edge (e), and center (c) of the respective arrangement. The energy is referred to the Fermi energy.

Also, the charge excess on the topmost layer around Mn atoms
is more noticeable in the Au(111) than in the Cu(111) surface
because the Mn atoms are adsorbed stronger in the Au surface.
This is an effect produced by the surface lattice parameter. The
charge redistribution on the manganese atoms is more signif-
icant for the Mn;/Cu(111) system. Also, we can see that the Ap
has some effects on the second layer. But the isovalue selected is
pretty small (0.002 eV A—%), which means that the second layer's
redistribution is almost negligible. This was verified by
comparing the partial DOS of the first and second layers when
the Mn atoms are adsorbed on Cu(111) surface.

3.5 Energy barriers to transform the linear to the delta
trimer

This section describes the main results on the computed energy
barriers required to overcome to transform the linear Mn;

(a) AF (b) AFA

Fig. 9 Charge density difference Ap(r) of Mns adsorbed on Cu(111)
surface in the (a) AF linear chain, (b) AF%, and (c) AF™ configurations.
Blue and red colors represent the excess and deficiency of charge
density. The charge density differences were computed at 0.002 eV
A3
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trimer adsorbed on noble metal surfaces to the triangular A
configuration. The initial state is the linear chain in the AF
configuration, and the final state is the AF®; we study both
substrates, Au and Cu. According to our results (see Tables 1
and 2), there is an energy difference of 373 meV between the
initial and final state in Au(111)/Mnj3, while in Cu(111)/Mnj; the
difference is 367 meV. Therefore, the presence of energy
barriers is expected in order to reach the state of minimum
energy.

According to the literature, when Mn, is adsorbed on Au(111)
surface, it is required to overcome an energy barrier of =120
meV to move one Mn atoms to a near equivalent site,** whereas,
the energy required to dissociate the molecule is around 200
meV.*>* In the case of Mn,/Cu(111), this migration requires
overcoming an energy barrier of =30 and 290 meV to dissociate
the molecule.** In this work, we study the trajectory along which
one of the end Mn atoms in the linear AF arrangement moves to
form the triangle AF A configuration, following a minimum
energy path.

We performed a search of stable intermediate states between
the linear chain and the triangular trimer without success on
both surfaces. Thus, the energy barrier calculations were per-
formed using the linear and the triangular trimer configura-
tions as initial and final states, respectively, calculating four
images in between. The trajectories of the minimum energy
paths for the Mn; trimer transformation over Au(111) and Cu
(111) surfaces are illustrated in Fig. 10; the transition state (TS)
points are shown for each surface. As we can see, the trajectory
for Mnj; over the Au(111) surface is accompanied by a substan-
tial reconstruction of the neighbor surface geometry, with
a metastable state in image 3. On the other hand, the minimum
energy path for the Cu(111) surface is straightforward without
a significant deformation in the surface geometry. The differ-
ence in the degree of surface deformation is related to the bulk

© 2021 The Author(s). Published by the Royal Society of Chemistry
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lattice parameters. The Mn atoms in the A configuration are
adsorbed more deeply in the gold surface (zymn,-au(111) = 1.883 10\)
than in the copper one (zmn,-cua11) = 2.006 fk). Thus, the
reconstruction of the gold surface favors the appearance of the
local minimum in image 3. The manganese atoms are located
close to the elongated bridge positions, similar to that reported
in ref. 35.

According to Fig. 11, two transition states are observed with
energy barriers of 68 meV between the initial state and image 1
and 104 meV between images 3 and 4. Note that the reference
energy corresponds to the adsorption energy of the respective
AF linear chain. The energy barrier for TS2 (image 4) is very
close to the value of 122 meV observed when one of the Mn
atoms forming the Mn, molecule moves from a fcc site to the
nearest Acp site on the Au(111) surface.*

For the Mn;/Cu(111) system, the atom coordinates in the
transition state (TS) are very similar to the initial one. Once the

N |
= 01
E’% | @ Mn /Au(111)
-0.2 |- = Mn,/Cu(111)
-0.3F
-0.4 —t
0 1 2 3 4 5

Image number

Fig. 11 Minimum energy path obtained to go from the initial to final
configurations shown in Fig. 10, for the Au and Cu substrates.
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Positions of the atoms in the minimum energy path when Mngz transforms from linear chain to delta configuration.

top of the energy barrier is reached, the atoms move directly to
the overall minimum energy state configuration in a monotonic
way. This behavior is depicted in the minimum energy path
illustrated in Fig. 11. The observed energy barrier of 129 meV,
between the initial state and image 1, is lower than the energy
required to dissociate the manganese dimer on the Cu(111)
surface of 290 meV.*

4 Conclusions

A manganese trimer adsorption on noble metal surfaces
Au(111) and Cu(111) was studied using first-principles methods
within the collinear and non-collinear models of magnetism.
The calculations were performed using a 5 x 5 x 1 supercell
and a slab made of five surface layers in order to avoid spurious
interactions between trimers located in the neighbor unit cells.
The manganese trimer was adsorbed as a linear chain and
triangular arrangements in the A and H configurations. The
difference between A and H is the coordination of the surface
atoms bonded to the Mn; molecule. It was found, in both
substrates, that the triangular arrangements are more strongly
bound than the linear one. The sequence energy in both
triangular arrangements is: the linear antiferromagnetic, fol-
lowed by the non-collinear and the ferromagnetic, been the AF*
one the most stable state. Our results showed that the relaxation
of the atomic coordinates of the atoms in the trimer neigh-
borhood has important effects on the manganese trimer
magnetic state, an effect that was not considered in previous
reports.*»*”*® Also, we demonstrated that the lowest energy
configuration for the manganese trimer, adsorbed on Cu(111)
surface, is the A configuration and not the geometric configu-
ration with one atom in the bridge position, as was reported in
the literature.*

One of the primary outcomes is that the adsorption of Mn;
modifies the position of the surface atoms in the neighborhood,
stronger in Au(111) than in Cu(111). The redistribution of the
electronic charge density between the surface neighbor atoms
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and the molecule is more significant in Mn3/Au(111) than in the
Mnj;/Cu(111). The Mn; trimer is adsorbed more strongly on
Au(111) than on Cu(111) surface.

We presented the local spin-polarized electronic density of
states of the Mn trimer and surface atoms in the various nearest
neighbor non-equivalent sites. The differences, arising mainly
from the different coordination numbers as well as the chem-
ical characteristics of the substrate, were discussed at length.
Furthermore, by integrating the difference of spin-up and down
electronic states, we calculated the total magnetic moment of
the Mn trimer. The values obtained for the po,, in the AF?, is
4.37 and 4.35 ug, for gold and copper, respectively. We also
analyzed the electron redistribution of the adsorbed atoms and
those on the substrate. This gives a direct representation of the
electrons participating in the trimer bonding.

Finally, we studied the energy barriers needed to overcome in
order to transform the Mn linear arrangement to the triangular A
state. We calculated the lowest energy path for both noble metal
surfaces. The results clearly show a substantial reconstruction of
the Au(111) surface in this process, while on the Cu surface, we
only observe slight changes. Consequently, only one transition
state appeared on the Cu(111) and two on the Au(111) surface. In
the last case, we found a metastable state where the Mn atoms
occupy bridge positions which were mistaken as the ground state
by other authors.*® The energy barriers obtained are below 130
meV, which are similar to the values reported for Mn atomic
migration in the dimer on TM surfaces.****
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