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Abstract
A systematic study of Mn monomers, dimers, trimers, and wires interacting
with an (8, 0) semiconductor single-wall carbon nanotube (SWCN) is
presented. Spin-polarized total-energy ab initio calculations based on the
density functional theory are used to describe the structural, electronic and
magnetic properties of all studied systems. For Mn monomers, either outside
or inside the nanotube, the most stable configuration is found to be over the
centre of the hexagonal site. The most stable geometry for outside dimers
presents the Mn atoms adsorbed directly on top of C atoms, when in a high-spin
configuration, whereas for a low-spin configuration the Mn atoms are adsorbed
on bond-centred sites at opposite sides of a hexagonal ring, with the Mn–Mn
bond aligned in a diagonal direction relative to the tube axis in both cases.
There are many low energy configurations (at �0.1 eV above the lowest energy
ones) at distinct orientations, for both the low and high energy configurations.
For trimers, two kinds of Mn structures are investigated: compact or open.
The compact trimers are found to be more stable than the open systems by
approximately 1 eV/Mn atom. A monoatomic wire in a zig-zag configuration
has a binding energy that is intermediate between the open and the compact
trimers, independently of the spin configuration. For all the investigated Mn
structures adsorbed on the SWCN, either high-spin (HS) or low-spin (LS), the
interactions between Mn atoms and between Mn and C atoms become stronger
as the Mn coordination number increases. The resulting magnetic moments
for all adsorbed systems are found to be close to their original values for the
corresponding free Mn structures.

(Some figures in this article are in colour only in the electronic version)

0953-8984/04/213647+15$30.00 © 2004 IOP Publishing Ltd Printed in the UK 3647

http://stacks.iop.org/JPhysCM/16/3647


3648 S B Fagan et al

1. Introduction

Carbon nanotubes have attracted a lot of attention as a promising form of nanomaterials
with multiple applications in nanodevices [1]. They have been extensively studied by both
experimentalists and theorists since their discovery in a high-resolution transmission-electron
microscopy experiment [2]. The production of SWCNs, with atomic structures that can be
characterized by the chirality (n, m) that distinguishes different tube types [3], has permitted
many propositions and new approaches for fundamental studies and technical applications,
including interactions of these structures with different atoms and molecules on the tube
surfaces. The possibility of modifying the properties of nanotubes by interactions with atoms
and molecules has become a field of growing interest [1]. In particular, the combination of
SWCNs with transition metal (TM) atoms is one of the promising routes towards new materials,
and is considered of great interest in nanophysics, especially for spintronics. Although
many theoretical [4–6] and experimental [7] works have studied the TM atoms interacting
with SWCNs, most of the resulting physical, chemical and mechanical properties remains a
challenging issue.

Among the TMs, Mn atoms are of great interest due to their unique characteristic of a
half-filled d-shell, leading to intricate magnetic behaviours. Manganese, in bulk material,
also presents the lowest bulk modulus and binding energy per atom among the 3d TMs [8].
Mn atoms interacting with a graphite surface have been investigated [9], but the SWCN adds
a new feature to the problem. The curvature of the tube transforms the previous pure sp2

hybridization into a mix between σ and π states, which leads to a different behaviour for Mn
atoms on an SWCN when compared with a graphite sheet.

One important issue concerning TM atoms, and Mn in particular, is related to the possible
wire formation on the tube surface [7]. This leads to the need to determine the conditions for
either the occurrence of wires or, alternatively, clusters on the SWCN surface. Ti atoms, on
the one hand, have a tendency to form wires whereas Au, on the other hand, are known to form
clusters. For Mn, as well as Fe, these tendencies are not so clear-cut, requiring a much more
detailed study of how these atoms interact with the tube surface [7]. The first step towards a
comprehensive view is the complete understanding of the structural, electronic and magnetic
properties of a single atom, dimers, trimers, and wires interacting with an SWCN. In a previous
paper [5], we have presented preliminary results concerning the structural properties of Mn
monomers and dimers adsorbed on SWCNs. In this work, a systematic study of these Mn
structures adsorbed on an (8, 0) SWCN is performed through spin-polarized total-energy ab
initio calculations. The next section details the procedure used in the calculations, which is
followed by a discussion and presentation of our results. In the final section a summary of the
main conclusions is given.

2. Calculation procedure

In order to investigate the structural, electronic and magnetic behaviours of Mn atoms
interacting with SWCNs, ab initio total energy calculations, based on spin-polarized density
functional theory, are employed [10]. We have used the SIESTA code [11], which
performs full self-consistent calculations solving the Kohn–Sham (KS) equations. The
KS orbitals are expanded using linear combinations of pseudoatomic orbitals proposed
by Sankey and Niklewski [12]. In all calculations we have used a double-zeta basis set
with polarization functions [11]. For the exchange and correlation term, the generalized
gradient approximation [13] is used and the standard norm conserving Troullier–Martins
pseudopotentials were adopted [14]. A cutoff of 150 Ryd for the grid integration was utilized to
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(a) (b) (c)

Figure 1. Final fully-relaxed structural configurations for the Mn tube configurations: (a) (HC)out,
(b) (BC)out, and (c) (HC)in. All distances are in Å.

represent the charge density. We have used 15 Monkhorst–Pack k-points for the Brillouin zone
integration along the tube axis. Structural optimizations were performed using the conjugated
gradient algorithm until the residual forces were smaller than 0.05 eV Å−1.

For this investigation we used an (8, 0) SWCN, that is a semiconductor with a gap
around 0.55 eV and diameter of 6.26 Å. In the supercell approximation with periodic-boundary
conditions we have 64 C atoms and 1, 2 or 3 Mn atoms for structures with monomers, dimers
and trimers, respectively, with a cell length in the growth direction of 8.52 Å. For Mn wires we
use 32 C atoms and 2 Mn atoms in the supercell with a cell length in the growth direction of
4.26 Å. We use a lateral separation of 20 Å between tube centres, which prevents any tube–tube
interaction for all studied systems.

3. Results and discussion

3.1. Monomers

The electronic configuration (3d54s2) on each Mn atom presents a majority spin with the 3d
and 4s shells fully occupied and a minority spin with an occupied 4s state and an empty 3d
shell state, making these states quite like the van der Waals molecules [15]. Besides that, the
energy to promote the ground state configuration to 3d64s1 is relatively high, which reduces
the degree of s–d hybridization when Mn atoms are brought together. These behaviours have
been assumed to be the main reason for the relatively weak binding and high magnetic moment
in small Mn clusters [8, 15, 16].

To investigate the interaction of a single Mn atom adsorbed on the (8, 0) SWCN surface,
four distinct sites were selected. These initial sites are described as follows:

(i) one with the atom approaching the centre of a hexagon from outside, labelled (HC)out,
(ii) the same configuration from inside, (HC)in,

(iii) along a direction perpendicular to the tube surface and pointing towards the middle of a
C–C bond from outside, (BC)out, and

(iv) directly above a C atom from outside, (TOP)out.

All sites have been studied in such a way that the energies are minimized and all the atoms are
allowed to relax.

Figure 1 shows schematically the final fully-relaxed structural configurations for the most
stable ones: (a) (HC)out , (b) (BC)out, and (c) (HC)in. As previously observed [5], the final
configurations for (HC) positions present two sets (one with two and another with four) of
similar bonds between the Mn and C atoms. These results are similar to those previously
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Table 1. The binding energies (Eb), the total magnetic moments (M), including the tube
contribution, as well as the contributions from 4s (ms), 3d (md), and 4p (mp) orbitals are shown for
all the Mn configurations.

Mn position Eb (eV) M (µB) ms (µB) md (µB) mp (µB)

(HC)out −0.50 5.2 0.7 4.5 0.2
(BC)out −0.20 5.1 0.8 4.4 0.2
(TOP)out → (BC)out −0.20 5.1 0.8 4.4 0.2
(HC)in −0.18 5.7 0.9 4.7 0.1

observed for Fe atoms [4] and are related to a mirror plane parallel to the tube axis that passes
through the (HC) site and the C1 and C4 atoms. It is worth pointing out that, in contrast to the
Fe atom case, the (TOP)out site is found to be unstable, tending to (BC)out (see table 1).

Table 1 presents the calculated binding energies, the total magnetic moments, as well as
the contributions from 4s, 3d and 4p orbitals, for the studied sites. The binding energies, as
usual, are calculated through the expression

Eb = E(tube+Mn(X)) − E(tube) − X E(Mn), (1)

where E(tube+Mn(X)) is the spin-polarized total energy for the equilibrium structure of the (8,
0) tube plus the adsorbed X Mn atoms (X = 1, 2 and 3 for monomers, dimers, and trimers,
respectively, and 2 for wires), E(tube) is the energy of the isolated tube, and E(Mn) is the
energy of an isolated Mn atom with the 3d54s2 ground state configuration. Note that, from
equation (1), the binding energies for dimers, trimers, and wires are obtained relative to the
isolated atomic Mn. These values cover the Mn–Mn and Mn–C tube interactions and are not
explicitly related to the isolated Mn structures of dimers, trimers or wires.

The most stable configuration is calculated to be the (HC)out, similarly to what was
obtained for Fe [4], as can be seen in table 1. For Fe, however, the binding energy is almost three
times larger (E (HC)out

b (Fe) = −1.4 eV) than for Mn. Moreover, the energy difference between
the most stable and the next most stable configurations is slightly higher for Mn (0.3 eV) than
for Fe (0.25 eV), another difference being that this second most stable configuration for Fe is
a (BC)in instead of a (BC)out as in Mn.

Duffy and Blackman [9] obtained as the most stable configuration for an Mn atom adsorbed
on a graphite surface the site corresponding to what we have labelled (TOP) position, with a
binding energy of −1.0 eV. More recently, Durgun et al [17] have obtained as the most stable
position on the tube a result similar to ours ((HC)out), with a binding energy of −0.4 eV.

In order to examine the stability of configurations with the TM atoms inside the nanotube,
and in order to compare with available results for Fe in similar positions, we have only
considered isolated Mn atoms interacting with the tube from inside. The position (HC)in was
found to be the most stable one, but presenting a binding energy weaker than the corresponding
outside configuration, as can be seen in table 1.

The contour plot for the (HC)out case is shown in figure 2(a) in a plane that passes through
the C5–Mn–C2 atoms, whereas in figure 2(b) a similar plot is presented in a plane that passes
through the C4–Mn–C1 atoms (see figure 1). Observe the larger charge density values between
the Mn and the C4 and C1 atoms when compared to the C5 and C2 atoms (which is also consistent
with the smaller equilibrium bond lengths). The opposite behaviour is observed for (HC)in,
with stronger interactions between the Mn–C5 and Mn–C2 bonds than between the Mn–C4

and Mn–C1 bonds, as can be seen in figures 2(c) and (d). This is a consequence of the fact that
for the inside configuration, as opposed to the outside Mn structure, the bond lengths for the
Mn–C5 and Mn–C2 bonds are the smaller ones, which is a result of the nanotube’s curvature.
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Figure 2. Contour plots of the total charge densities for both the (HC)out and the (HC)in
configurations. For (HC)out the results are shown for (a) a plane that passes through the C5–Mn–C2
atoms and (b) a plane that passes through the C4–Mn–C1 atoms. For (HC)in the results are
presented for (c) a plane that passes through the C5–Mn–C2 atoms, and (d) a plane that passes
through the C4–Mn–C1 atoms. The outermost and innermost contour lines correspond to 0.0003
and 0.0099 e Å−3, respectively, and the contour line spacing is 0.004 e Å−3.

The band structures for the (HC)out configuration are shown in figure 3, together with the
pure (8, 0) nanotube band structure shown in the left-hand side for comparison (figure 3(a)).
The bands are presented separately for the majority (figure 3(b)) and minority (figure 3(c))
spins. The adsorption of Mn in the (HC)out configuration introduces two levels in the gap:

(i) one in the majority spin channel, with a dominant 4(sp) character, similar to what was
previously observed for Fe atoms [4], and

(ii) another in the minority spin channel with a dominant 3d character.

Both these levels have a small dispersion that may be related to a small interaction between
the Mn atoms in neighboring supercells. The majority spin bands with predominant Mn d-
character appear resonant mostly located between 3.0 and 4.0 eV below the top of the valence
band, as better seen in figure 3(e) for the projected densities of states (PDOS) onto the Mn atom
for 4s plus 4p (4(sp)) and 3d. From figure 3(e) we can also see that most of the 3d Mn orbitals,
for the minority spin states, are located inside the conduction band. It is observable too that
there is a charge transfer from the Mn 4s to Mn 3d and 4p orbitals, leading to an effective
3d5.44s1.24p0.4 atomic configuration. Similar band structures are observed for (BC)out.
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(a) (b) (c)

(d)

(e)

Figure 3. Electronic band structures for (a) pure (8, 0) SWCN, (b) majority spins and (c) minority
spins, for the (HC)out configuration. (d) and (e) are the PDOS onto the Mn atom for 4s plus 4p
and 3d orbitals, respectively, for both up (majority) and down (minority) spin channels. The dotted
lines correspond to the Fermi level.

(a) (b) (c)

(d)

(e)

Figure 4. Electronic band structures for (a) pure (8, 0) SWCN, (b) majority spins and (c) minority
spins, for the (HC)in configuration. (d) and (e) are the local PDOS onto the Mn atom for 4s plus
4p and 3d orbitals, respectively, for both up (majority) and down (minority) spin channels. The
dotted lines correspond to the Fermi level.

The band structure for the Mn in the (HC)in site can be seen in figure 4. For the Mn
inside the tube the final effective electronic structure configuration is similar to the (HC)out

case, being 3d5.34s1.14p0.3. This is distinct from the Fe nanotube system, where an effective
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4s0 final configuration occurs for the inside structures [4]. The PDOS onto the Mn atom for
4s plus 4p and 3d for the (HC)in configuration are shown in figures 4(d) and (e), respectively,
for majority and minority spins.

As shown in table 1, the total magnetic moment (M) for the Mn in the most stable (HC)out

site is similar to what is obtained for an isolated atom (5.0 µB), whereas for the (HC)in

it is slightly higher, 5.70 µB. These results are quite different from what was previously
obtained [4] for an Fe atom in the same configurations, where the corresponding values are
lower than the isolated atom limit (4.0 µB), being 3.90 and 2.36 µB, for the outside and inside
sites, respectively. For the sake of comparison, for Mn in graphite, 6.0 µB was obtained for
the total magnetization, with partial contributions of 4.5 µB from 3d, 1.1 µB from 4sp, and
0.4 µB from the C atoms [9]. For an Mn atom on the tube, previous results have obtained
5.49 µB [17].

It is noticeable to observe that Mn in the outside configuration (3d5.44s1.24p0.4, as discussed
above) corresponds to an approximately equal transfer of an average of �0.8 4s down electrons
to the 3d and 4p down orbitals. For the inside configuration (3d5.34s1.14p0.3), an average of
�0.9 4s down electrons are equally transferred among the 4p, 3d and nanotube orbitals. On the
other hand, for an Fe atom approaching the tube surface from outside (3d74s1), the 4s-down
electron is basically transferred to the 3d-down orbital, whereas when it is inside (3d84s0),
both 4s (up and down) electrons are transferred to the 3d down orbitals. Also, concerning the
equilibrium distances to the tube, for the Mn atoms it is 2.2 Å for the outside and 2.5 Å for the
inside sites, whereas for Fe it is 2.1 Å for both configurations.

3.2. Dimers

For the free-standing Mn dimer the 3d and 4s orbitals split into bonding and antibonding
states, with the four s electrons filling both (up and down) states and not contributing to the
net magnetic moment. There are two possible configurations for the d electrons:

(i) either the bonding and antibonding states spin up states are completely filled, leaving the
spin down states empty, resulting in an HS order with net moment of 10 µB, or

(ii) they can all occupy the bonding orbitals, spins up and down, leading to an LS order with
zero total moment.

In fact, this is a controversial issue, with many results conflicting with each other.
All the calculations agree that the bonding in Mn2 is weak, but while some authors

have reported, based on their experimental results, that an LS configuration coupled dimer is
predicted for molecules in matrices [18], others [19] have concluded that Mn2 is diamagnetic
in its lowest state with spin unpairing occurring at high temperatures. Considering that there
are no experiments on free Mn2 clusters and that the matrix may affect the magnetic properties,
the experimental scenario is still controversial, and there are still some questions concerning
if the coupling is actually HS or LS configuration. In contrast, most of the theoretical
calculations have found the Mn2 to be HS order, with a total magnetic moment of 10 µB,
but with binding energies presenting great discrepancies among them. This variety of results,
extremely dependent on the adopted methods and approximations, is due to the weak bond
between the two atoms, making the obtained results direct consequences of the choice of basis
function and level of correlations.

Our calculations demonstrate that there are, in fact, three competitive states for free-
standing Mn dimers: two in HS configuration (two minima binding energies, one with
−0.31 eV and interatomic distance of 3.14 Å and the other with −0.26 eV and a shorter
distance of 2.62 Å) and a third one in an LS configuration (intermediate binding energy of
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(a)

(d) (e)

(f) (g)

(b) (c)

Figure 5. Final fully-relaxed geometries for the most stable high-spin configurations for Mn dimers
adsorbed on the (8, 0) SWCN.

−0.27 eV and an interatomic distance of 3.10 Å). These results would help to elucidate why
it seems to be so difficult to reach a final conclusion about HS and LS order solutions, making
the Mn2 dimers one of the most complex in terms of number of stable and metastable magnetic
and geometric states that they can assume.

Figure 5 presents the final fully-relaxed structural configurations for several studied dimers
adsorbed on carbon tubes. In general, the binding energies do not differ too much one from
another. Among the studied sites, the most stable configuration for HS configuration Mn2

approaching from outside is determined, in accordance with table 2, to be the diagonal (TOP)–
(TOP), as can be seen in figure 5(g). For the Mn–Mn distances, as well as for the binding
energies, total magnetic moments, magnetic moments per atom and tube magnetic moments,
small fluctuations are observed. In our case, we have obtained as the equilibrium position
(Mn–Mn distance) for the most stable dimer adsorbed on the tube 2.60 Å, which value is
closer to the local minimum (2.62 Å) than to the total minimum (3.14 Å) for the free HS
configuration dimer.

Observe that the binding energies per Mn atom in dimers adsorbed on tube, as shown
in table 2, are significantly higher (at least 0.71 eV) than the corresponding values obtained
for monomers (maximum of 0.50 eV). To illustrate that, in figure 6(c) the contour plots are
shown for the (TOP)–(TOP) HS order case in a plane that passes through the Mn atoms. The
interaction between Mn and Mn atoms, when they are adsorbed on the tube surface, gets
stronger compared with when they are isolated (in figure 6(a) the contour plot for the free
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(a) (b) (c)

Figure 6. Contour plots for the total charge density for HS configurations for (a) Mn2 isolated,
(b) Mn monomer on the tube surface, and (c) Mn dimer adsorbed on SWCN in the most stable
structure corresponding to figure 5(g). The outermost and innermost contour lines correspond to
0.0003 and 0.0099 e Å−3, respectively, and the contour line spacing is 0.004 e Å−3.

Table 2. The binding energies (in eV) per Mn atom (Eb), the Mn–Mn distances (in Å), the total
magnetic moments (M), the Mn atom magnetic moments and the tube magnetic moments (all in
µB) for all the HS order for Mn dimers adsorbed on an SWCN surface for the Mn2 tube positions
as indicated in figure 5.

Position Eb dMn–Mn M MMn-atom Mtube

(a) −0.80 2.63 8.5 4.5 −0.5
(b) −0.73 2.75 9.6 4.9 −0.2
(c) −0.77 2.60 8.6 4.5 −0.4
(d) −0.71 2.63 9.0 4.8 −0.6
(e) −0.71 2.70 9.9 4.9 0.1
(f) −0.82 2.66 9.8 4.8 0.2
(g) −0.85 2.60 9.0 4.6 −0.2

magnetic Mn dimer is presented for comparison). The interaction between Mn and C atoms
is also stronger, characterized by a larger value of the charge density between the Mn and C
atoms, compared with the corresponding values for monomers (see figure 6(b)). These results
indicated that, for Mn atoms, the interaction strengths enhance when the number of bonds is
increased.

Figure 7 shows the PDOS onto the Mn atoms for 4s plus 4p orbitals (dashed curves) and
3d orbitals (continuous curves), for spins up and down as indicated in the figure. This figure
helps us to understand the role played by the HS configuration dimer in the nanotube. The
effective configuration for each Mn atom in this configuration is 4(sp)1.43d5.3. For the 4s plus
4p orbitals, in contrast to the free dimer that has both the 4s up and down spins occupied, we
can observe that there is a spin polarization, with the majority of the down spin states located
above the Fermi energy and being therefore unoccupied. For 3d orbitals, a small contribution
of the spin down levels to the occupied states is noticeable, whereas in the free dimer these
levels are totally unoccupied.

The final fully-relaxed structural configurations for several studied LS order Mn dimers
adsorbed on SWCN are shown in figure 8. The most stable configuration, as shown in table 3, is
(BC)–(BC) (see figure 8(g)), also in a diagonal position relative to the tube axis direction, and it
corresponds to the minimum Mn–Mn distance among the cases studied. In general, the binding
energies are slightly higher than the corresponding values for HS order. To compare with a
free LS order Mn2 dimer, the calculated binding energy is −0.27 eV and the equilibrium
Mn–Mn distance is 3.10 Å. Figure 9 shows the PDOS on the Mn atoms for the diagonal
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Figure 7. PDOS for the Mn atoms in dimers adsorbed on the SWCN surface in a diagonal (TOP)–
(TOP) position with HS configuration (figure 5(g)). The dashed curves indicate the 4s plus 4p
orbitals and the continuous curves indicate the 3d orbitals. The vertical dotted line corresponds to
the Fermi energy.

Table 3. The binding energies (in eV) per Mn atom (Eb), the Mn–Mn distances (in Å), the total
magnetic moments (M), the Mn atom magnetic moments and the tube magnetic moments (all in
µB) for all the LS order for Mn dimers adsorbed on an SWCN surface for the Mn2 tube positions
as indicated in figure 8.

Position Eb dMn–Mn M MMn-atom Mtube

(a) −0.77 2.58 0.2 ±5.1 0.2
(b) −0.81 2.63 0.0 ±4.8 0.0
(c) −0.87 2.58 0.0 ±4.8 0.0
(d) −0.80 2.58 0.2 ±5.0 0.2
(e) −0.75 2.67 −0.3 +5.0/−5.1 −0.2
(f) −0.90 2.64 0.0 ±5.0 0.0
(g) −0.91 2.53 0.0 ±4.8 0.0

(BC)–(BC) Mn dimer adsorbed on an SWCN surface, showing that the system has a total zero
magnetic moment. Each Mn, however, has an effective configuration 4(sp)1.43d5.5, which is
similar to the one in the HS case. This indicates that the Mn magnetic moments are similar in
both cases (LS and HS), but in the LS state they are coupled in an antiparallel configuration.
This can also be seen in tables 2 and 3, where it is shown that the resulting magnetic moments
for the adsorbed LS order dimers are similar to the HS order dimers, being also similar to the
corresponding free dimer values.
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(a)

(d) (e)

(f) (g)

(b) (c)

Figure 8. Final fully-relaxed structural configurations for the LS Mn2 tube configurations.

3.3. Trimers and wires

To analyse the trimers, the choice of the studied structures was limited by the supercell method,
in such a way that the Mn atoms of one cell do not interfere with the (periodically repeated)
Mn atoms of the next cell. Then, starting from the most stable dimers compatible with
that limitation, two trimer structures seem to be appropriate for our discussion. One is a
compact structure, labelled (BC)–(HC)–(BC), based on a (BC)–(BC) dimer along a direction
perpendicular to the tube axis direction, with the third Mn atom, above the same carbon ring,
occupying a position along the direction perpendicular to the centre of the hexagon ((HC)
position, as described before). Another, more open structure, labelled (BC)–(BC)–(BC), is
also based on the same (BC)–(BC) dimer, but with the third Mn atom above the middle of a
C–C bond in the next consecutive carbon ring. Figure 10 shows these structures in different
perspectives for the HS (figures 10(a) and (b)) and LS (figures 10(c) and (d)) cases, respectively.

According to the results shown in table 4, the binding energies for the (BC)–(HC)–(BC)
are much (almost twice) higher than for the (BC)–(BC)–(BC) structures, for both HS and LS
configuration cases.

Figure 11 shows the contour plots for the Mn3 isolated (figures 11(a) and (b)) and adsorbed
on SWCN (figures 11(c) and (d)) for the more compact and more open structures in HS
configurations. It is possible to observe the interactions and how they change with the presence
of the tube for each case. For both cases, the interactions among the Mn atoms are enhanced
when the coordination number per atom increases, a behaviour that is similar to what has
already been observed for dimers. Nevertheless, the enhancement is clearly much higher for



3658 S B Fagan et al

Figure 9. PDOS for the Mn atoms in dimers adsorbed on an SWCN surface in a diagonal (BC)–
(BC) position with LS configuration. The dashed curves indicate the 4s plus 4p orbitals and the
continuous curves indicate the 3d orbitals. The vertical dotted line corresponds to the Fermi energy.

Table 4. The binding energies (in eV) per Mn atom (Eb), Mn–Mn distances (in Å), and the
total magnetic moments (M), for the most stable configurations for monomers, dimers, trimers and
wires for HS and LS configurations.

Mn structure Eb dMn–Mn M

Monomer −0.50 — 5.2
Dimer-HS −0.85 2.60 9.1
Dimer-LS −0.91 2.53 0.0
Compact-trimer-HS −1.50 2.48/2.60 11.2
Compact-trimer-LS −1.49 2.46/2.58 4.0
Open-trimer-HS −0.85 2.73 13.6
Open-trimer-LS −0.85 2.70 4.3
Wire-HS −1.20 2.60/2.65 8.3
Wire-LS −1.26 2.60/2.65 0.1

the first (compact) than for the second (open) case, which is compatible with the binding
energies shown in table 4. Observe that for both the open and compact structures, the Mn atom
in the middle (labelled 2 in the figures) presents very small interaction with the tube, but in
the compact structure this atom is much more bound to the other Mn atoms (labelled 1 and 3)
than in the open structure. Exactly the same behaviour is observed for the LS configuration
(observe that the differences in binding energies between the two spin configurations for the
same Mn3 structure—compact or open—are negligible).

The atomic configuration for an HS wire adsorbed on the tube can be seen in figure 12.
Again, it is observed that the interaction among the Mn atoms is enhanced when the
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(a) (b)

(c) (d)

Figure 10. Trimers adsorbed on the tube surface for the HS configuration (a) compact and (b)
open structures, and LS configuration (c) compact and (d) open structures. The arrows indicate the
magnetic order for each Mn atom, up or down.

coordination number per atom increases, as previously observed for dimers and trimers. The
contour plots for the total charge densities for the isolated wire, as well as when it is adsorbed
on the tube surface, are shown in figures 12(b) and (c), respectively. A monoatomic wire in
a zig-zag configuration has a binding energy, as can be seen in table 4, that is intermediate
between the open and compact trimers, independent of the spin configuration.

4. Summary and conclusions

Considering that the investigation of TMs adsorbed on SWCNs is certainly of great current
interest in nanophysics, this paper presents a systematic study of the structural, electronic and
magnetic properties of Mn monomers, dimers, trimers and wires interacting with an (8, 0)
SWCN. The final fully-relaxed structural configurations and the equilibrium distances from
the tube surface to the Mn atoms were determined for all the systems under investigation. In
all studied systems the resulting relaxed structures of the SWCN have a small radial distortion
due to the presence of Mn atoms; this value is less than 2% of the isolated SWCN radius.
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(a) (b)

(c) (d)

Figure 11. Contour plots for the total charge densities for: isolated Mn3 in a compact (a) and
open (b) structure, and for the trimers structure adsorbed on SWCN surface (c) compact and (d)
open configuration. All systems shown are for HS configurations. The outermost and innermost
contour lines correspond to 0.0003 and 0.0099 e Å−3, respectively, and the contour line spacing is
0.004 e Å−3.

(b) (c)(a)

Figure 12. (a) Atomic configuration for an HS ordered wire adsorbed on the tube surface. Total
charge density contour plots for (b) an isolated wire and (c) a wire adsorbed on the tube surface.
The outermost and innermost contour lines correspond to 0.0003 and 0.0099 e Å−3, respectively,
and the contour line spacing is 0.004 e Å−3.

For monomers the (HC) geometry was found to be the most stable structure, for both inside
and outside configurations. The binding energies are smaller when compared to the values
previously obtained for Fe monomer. In terms of electronic structure, it was demonstrated that
for Mn monomer adsorbed from outside an effective 3d5.44s1.24p0.4 configuration is obtained,
different from the 3d74s1 calculated previously for Fe monomer. Similarly, for Mn from inside
an effective 3d5.34s1.14p0.3 configuration results, also contrasting with the 3d84s0 for Fe in a
corresponding configuration. The total magnetic moment for the outside configuration was
found to be similar to that for the atomic configuration, and for the inside configuration slightly
higher.
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For Mn dimers on an SWCN it is shown to be important to consider both HS as well as LS
configurations, since they present competitive energies. In the HS configuration, the diagonal
with respect to the tube axis (TOP)–(TOP) geometry was found to be the most stable one. For
the LS case, the most stable configuration was (BC)–(BC), also in a diagonal position relative to
the tube axis direction. In general, no substantial differences in binding energies were observed
for all the studied dimer configurations. It is worth pointing out that the (TOP) site was found
to be unstable for the monomer, demonstrating that, in general, the dimer configurations are
not simply related to the isolated monomer structures. The binding energies per atom for the
most stable adsorbed dimer on the tube (−0.85 eV) is larger than the sum of the corresponding
monomer binding energy (−0.50 eV) plus the binding energy per atom for the free Mn dimer
(around −0.15 eV). The interaction between Mn–Mn atoms on tube becomes stronger when
compared to the isolated molecule. Moreover, for dimers the Mn tube is enhanced when
compared to monomers. Then, for both HS as well as LS configurations, the processes of
forming dimers on the tube are favourable when compared to two separated monomers.

With respect to trimer configurations, two appropriate structures were chosen, labelled
compact ((BC)–(HC)–(BC)) and open ((BC)–(BC)–(BC)). The calculated binding energies
are higher for the compact than for open structures. For both cases, it was observed that the
interactions among the Mn atoms are enhanced when the coordination number increases, with
the enhancement being clearly higher for the compact than for the open configuration. These
results are valid for HS order as well as for LS spin configurations. Concerning the Mn wire,
its binding energy is intermediate between the open and the compact trimers, independent of
the spin configuration. Finally, we obtain that the magnetic moments for all adsorbed systems
are very similar to their corresponding free Mn structures.
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