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ABSTRACT: The magnetic coupling between Mn atoms in Mn, dimers embedded in a rare gas o B O
matrix is antiferromagnetic but undergoes ferromagnetic transition at a higher temperature or when
ionized to the Mn, " state. By use of density functional theory and hybrid functional for exchange-

correlation potentials, we show that ferromagnetic transition can also be induced when Mn, reacts

Mn

with CI and/or BO,. Because of their highly electronegative character, both CI and BO, draw
electrons from the Mn, dimer leaving it in a positively charged state. The resulting shrinkage in the
Mn—Mn bond brought about by the removal of an antibonding electron causes the magnetic
transition. We further show that the coupling between Mn atoms remains ferromagnetic when two Mn,Cl units are allowed to
interact with each other. The ability to induce a magnetic transition through a chemical reaction provides a way to synthesize new

magnetic materials.

I. INTRODUCTION

Manganese is a unique element in the 3d transition metal
series. With an electronic configuration of half-filled 3d and filled
4s shells (3d° 4s*), the Mn atom forms the weakest dimer with
the longest bond among all elements in the early transition metal
series.” For the same reason its bulk crystal also has the lowest
cohesive energy."” Electrons in the half-filled 3d* shell are fairly
localized compared to other transition metal atoms, and the Mn
atom possesses a magnetic moment of 5 t5. Both the Mn, dimer
and Mn crystal are antiferromagnetic.>~” On the other hand,
Mn atoms in small clusters containing less than S atoms are
ferromagnetic, and the coupling turns into ferri- or antiferro-
magnetic as the cluster size increases.®” It has also been found
that when an electron is removed from Mn, dimer the resulting
Mn, " cation becomes ferromagnetic with a magnetic moment of
11 ,uB.IO_B Since the magnetic moment of Mn and its magnetic
properties can be influenced by their environment it has always
been of interest to find ways to induce ferromagnetic coupling
between Mn atoms.

In this work, we show that the antiferromagnetic coupling
between Mn atoms in Mn, dimer can be made ferromagnetic by
reacting with electronegative species such as Cl and BO,. Our
hypothesis is that an electronegative species would draw an
electron from the Mn, dimer leaving it in a Mn, " state, and
hence the compound system can be ferromagnetic with a
magnetic moment of 11 ug. To verify this hypothesis, we chose
Cl and BO, moiety as reactants. Chlorine has the highest
electron affinity, namely, 3.6 eV among all elements in the
periodic table. With an extra electron Cl forms a stable closed
shell ion following the octet rule. BO, , on the other hand, is
isoelectronic with CO,, and it too forms a closed shell when the
extra electron is attached to BO,. The electron affinity of BO,,
namely, 4.46 eV, is even larger than that of Cl and is referred
to as a superhalogen.ls’lé We calculated the equilibrium
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Table 1. IPs, EAs, and Magnetic Moments (MM) of Mn and
Cl Atoms Calculated Using Different Exchange-Correlation
Energy Functionals and 6-311-+G* Basis Set

Mn Cl

level of level of
theory IP (eV) EA(eV) MM (up) theory IP(eV) EA (eV)

B3LYP 7.52 0.60 S B3LYP 13.07 3.72
BPWO91 6.34 0.68 N BPW91 12.98 3.67
PBE 6.31 0.84 N PBE 12.97 3.70
LSDA 7.96 0.84 S LSDA 13.73 4.46
exptl 7.43 NA N exptl 12.96 3.61

geometry of Mn,Cl and Mn,BO, for both neutral and anionic
states for all possible spin configurations using density func-
tional theory. The ground state of the neutral clusters is found
to be ferromagnetic with a total magnetic moment of 11 ug,
which is equally shared between the two Mn atoms. To see if
the coupling between Mn atoms remain ferromagnetic when
clusters grow, we calculated the geometries and preferred spin
configurations of (Mn,Cl),. The total magnetic moment of
such a system is found to be 18 up, and all Mn atoms are
ferromagnetically coupled. We have computed the vertical
detachment energies and electron affinities of Mn, Cl, Mn,BO,,
and (Mn,Cl), so that our predictions can later be compared
with photoelectron spectroscopy experiments to verify the
accuracy of our theoretical approach. In section II we describe
the theoretical procedure. Results are presented and discussed
in section III and summarized in section IV.
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Table 2. Atomic Spin from Mulliken Analysis Using Three Different Functionals (B3LYP, HSE, LC-wPBE), Atomic Charge
from Natural Bond Orbital (NBO) Analysis, Total Magnetic Moment (MM), EA, Highest-Occupied Molecular Orbital
(HOMO)—Lowest-Unoccupied Molecular Orbtial (LUMO) Gaps and Symmetry of Clusters Studied

Mulliken atomic spin (uz)

clusters (symmetry) atom B3LYP HSE LC-wPBE NBO charges MM (ug) EA (eV) gap (eV)

MnCl (C..,) Mn 5.84 5.90 5.90 075 6 1.57 226
Cl 0.16 0.10 0.10 —0.75

MnCl™ (C...) Mn 491 492 495 —0.10 s 2.55
Cl 0.09 0.08 0.0 —0.90

Mn,Cl (C,,) 1 Mn 5.44 5.46 547 0.40 11 1.40 2.20
2 Mn S5.44 5.46 547 0.40
Cl 0.12 0.08 0.06 —0.80

Mn,Cl~ (D..;)) 1 Mn 494 490 490 —0.08 0 279
2 Mn —4.94 —4.90 —4.90 —0.08
3Cl 0.00 0.00 0.00 —0.82

MnBO, (C..,) 1B —0.01 —0.01 0.00 1.19 6 2.00 2.44
20 —0.02 —0.06 —0.06 —1.22
30 —0.02 0.01 0.01 —0.86
4 Mn 6.02 6.06 6.05 0.89

MnBO,~ (C..,) 1B 0.03 0.03 0.01 1.17 s 271
20 0.01 —0.01 —0.03 —1.20
30 —0.01 —0.01 —0.01 —0.95
4 Mn 497 4.99 5.03 —0.02

Mn,BO; (Cs,) 10 0.00 —0.02 —-0.02 —1.04 11 1.78 207
20 0.00 —0.02 —0.02 —1.04
3 Mn 5.45 5.46 5.46 0.46
4 Mn 5.45 5.46 5.46 0.46
SB 0.10 0.12 0.12 1.16

Mn,BO, ™ (D) 10 —001 —0.01 —-0.01 —1.09 0 3.51
20 0.01 0.01 0.01 —1.09
3 Mn 4.99 5.00 4.99 —0.05
4 Mn —4.99 —5.00 —4.99 —0.05
SB 0.00 0.00 0.00 1.27

(Mn,C1), (C) 1 Mn 457 458 442 039 18 174 173
2Cl 0.03 —0.01 0.01 —0.73
3 Mn 4.37 4.36 4.39 0.38
4 Mn 4.34 4.34 4.53 0.27
Scl 0.04 0.00 0.01 —=0.71
6 Mn 4.65 4.73 4.64 0.40

(Mn,Cl)>~ (Cap) 1 Mn 5.04 5.05 5.01 —0.01 19 145
2 Mn 4.43 4.45 4.47 0.30
3 Mn 5.04 5.0 5.01 —0.01
4Cl 0.02 0.00 0.02 —0.79
S Mn 443 4.4S 4.47 0.30
6 Cl 0.02 0.00 0.02 —0.79

Il. THEORETICAL PROCEDURES

Our calculations are carried out using density functional
theory (DFT) and Becke's three parameter hybrid exchange
functional and the Lee—Yang—Par correlation functional
(B3LYP)" ™" for the exchange-correlation potential. The all-
electron 6-311+G* basis set implemented in the GAUSSIAN 03
code were used in all the calculations.* Ionization potentials
(IPs) and electron affinities (EAs) of Mn and Cl atoms were used
to bench mark the best functional (B3LYP, BPW91, PBE, and
LSDA) for the calculations.*’ “>* From the results given in

550

Table 1, we note that the B3LYP hybrid functional and
6-3114-G* basis set provide the best agreement with the experi-
mental data. It has also been shown from previous calculations
that the hybrid functionals, especially the hybrid B3LYP func-
tional combined with the broken-symmetry approach, yields the
most reliable magnetic exchange couplings.'”**™*” To compare
with our results based on B3LYP, we have carried out calculations
of the atomic spin populations for all the clusters using two other
hybrid functionals, namely, the short-range separated Heyd—
Scuseria—Ernzerhof (HSE) functional and the long-range
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Figure 1. The optimized geometries of neutral (left column) and
anionic (right column) clusters of MnCl, Mn,Cl, MnBO,, Mn,BO,,
and (Mn,Cl),.

© (d)

Figure 2. (a) HOMO and (b) LUMO of MnCl; (c) HOMO and
(d) LUMO of MnCl".

corrected (LC-wPBE) functional.”®*® These are summarized in
Table 2. We see that the results agree with each other very well
(see the comparison in Table 2). Therefore, the B3LYP func-
tional can yield quite reliable results in this particular case.
Hence, all calculations were carried out using the B3LYP
functional and the 6-311+G* basis set implemented in the
GAUSSIAN 03 code. The geometries were optimized without
any symmetry constraint. For each cluster several initial struc-
tures were used to ensure that the lowest-energy structure has
been identified. The geometry optimizations were carried out for
every possible spin state. The spin distribution was studied by
using Mulliken population analysis. Note that the Mulliken
atomic spin and charge population could vary with the basis
set, but previous studies showed that it is appropriate and a
widely accepted practice to employ Mulliken population analysis
to obtain the atomic spin densities, especially for transition-
metal-based systems.>' ~® The threshold for the energy and force
convergence was set to 0.00001 and 0.001 eV/A, respectively.

(ay) (@)
Cl

(eq) (e)

Figure 3. Spin density distribution of (a;) MnCl, (a;) MnCl, (b;)
Mn,Cl, (bz) Mn,CI, (C1) MnBO,, (c;) MnBO, ", (d;) Mn,BO,, (dz)
Mn,BO, ", (e;) (Mn,Cl),, and (e,) (Mn,Cl), clusters. The isosurface
value is 0.004.

The vibrational frequencies of all the clusters studied are found to
be positive suggesting that their geometries are dynamically
stable. In the following section we present our results corre-
sponding to the lowest-energy structures and the preferred spin
state.

Ill. RESULTS AND DISCUSSION

A.MnCland MnCI™. We begin with the results on MnCl. The
optimized structure of both the neutral and anionic MnCl, its IP,
EA, MM, Mulliken atomic spin density distributions, as well as
the charge on each of the atom through natural bond orbital
(NBO) analysis were calculated. The results are given in Figure 1
and Table 2. The neutral Mn—Cl bond length of 2.27 A and the
gap of 2.26 eV between the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
are both enlarged to 2.40 A and 2.55 eV, respectively, in the
anion. Since Cl atom has a large electron affinity compared to
that of Mn atom, charge is transferred from Mn atom to Cl. This
is confirmed by NBO analysis shown in Table 2 for both neutral
and anionic MnCl. The HOMO and LUMO are plotted in
Figure 2. We note that the HOMO of MnCl is mainly con-
tributed from Cl 2p and the 4s 3d hybridized orbitals of Mn,
while the LUMO of MnCl and the HOMO and LUMO of
MnCl™ are mostly contributed by the Mn d,. orbital. The
magnetic moment of MnCl and MnCl is found to be 6 and
S g, respectively, which can be qualitatively understood with the
following pictures: As Cl draws an electron from the Mn atom, it
leaves behind Mn in a positively charged state with an electronic
configuration of 3d°4s' and hence with a magnetic moment of
6 up. In MnCl , the extra electron preferentially goes to neutralize
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Figure 4. The relative energies of different spin configurations of (a) MnCl, (b) MnCl™, (c) Mn,Cl, (d) Mn,Cl", (e) MnBO,, (f) MnBO,
(g) Mn,BO,, and (h) Mn,BO,  measured with respect to their respective lowest-energy spin structure.

the Mn™" site in MnC], and the total magnetic moment of MnCl
reverts back to S i However, due to the partial charge transfer
between Mn and Cl (Table 2), Cl is also slightly ferromagneti-
cally polarized with a moment of 0.16 and 0.09 y in MnCl and
MnCl , respectively, as can be seen from the spin density
distribution plotted in Figure 3 (a; and a,). The relative energies
of MnCl and MnCl  for different spin states measured with
respect to their lowest spin configuration are given in parts
a and b of Figure 4.

B. Mn,Cl and Mn,Cl~. We next discuss our results in Mn,Cl
and its anion Mn,ClI . To obtain the equilibrium geometry three
different initial structures were chosen, and optimization was
performed for every possible spin state to obtain the preferred
magnetic moment. The initial structures included a triangle and
two linear structures in which the Mn and Cl atoms were placed
in the middle position, respectively. For the neutral Mn,Cl
cluster, our fully optimized structure yielded an isosceles triangle
(see Figure 1) with a total magnetic moment of 11 up as its
lowest-energy configuration. Mn atoms are coupled ferromag-
netically. From the Mulliken analysis we find each Mn atom
carrying a magnetic moment of 544 up. The bond length of

2.84 A between Mn atoms in Mn,Cl is very close to the bond
length of Mn, *. This can be explained through the NBO charge
analysis which shows that the Cl atom has negative charge of
0.80 leaving each Mn atom carrying a positive charge of 0.40
(in Table 1). For the anion Mn,Cl™ cluster we get a linear
structure with two Mn atoms in an antiferromagnetically coupled
state, each carrying a S (g magnetic moment. This is consistent
with the fact that in Mn,Cl  the extra electron resides primarily
on the Cl site leaving two Mn atoms in Mn,Cl behave just like
they do in neutral Mn, which is antiferromagnetic. Note that
there is no bond between Mn atoms in Mn,Cl™ and the bond
length between Mn—Cl is 2.58 A. The relative energies for
different spin states measured with respect to the lowest spin
configuration are plotted in parts ¢ and d of Figure 4. The
HOMO and LUMO orbitals for both of the Mn,Cl and Mn,CIl
are plotted in Figure S, where the Cl 2p and the hybridized Mn 3d
4s orbitals contribute to the HOMO in Mn,Cl, while Mn 3d,.
orbitals are dominant in the LUMO of Mn,Cl and in the HOMO
and LUMO of Mn,Cl . In particular, the additional electron on
Cl makes the Mn,Cl ™ behave as if it is composed of two parts, a
MnCl™ part and a Mn part; the HOMO and LUMO of the
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C)

Figure 5. (a) HOMO and (b) LUMO of Mn,Cl; (c¢) HOMO and
(d) LUMO of Mn,CI .

Figure 6. (a) HOMO and (b) LUMO of MnBO,; (c) HOMO and
(d) LUMO of MnBO, .

MnCl™ parts in Mn,Cl ™ are similar to the HOMO and LUMO
of MnCl  in Figure 3. Thus, we see that Cl is able to change the
magnetic coupling between the Mn atoms.

C. MnBO, and MnBO, . BO, , which is isoelectronic with
CO,, is known to be a superhalogen with an electron affinity of
4.8 eV." Since Cl can draw an electron from Mn and cause its
magnetic moment to increase, we envisioned that MnBO,
should also behave in a similar way. Following the same pro-
cedure as above, we optimized the geometries of both neutral
and anion cluster of MnBO), for all possible spin states. We used
four different initial configurations for optimization by placing
Mn atom next to B and O atoms as well as connected simul-
taneously to both the B and O atoms. The lowest-energy
structure is similar to that of MnCl. The relative energies of
neutral and anionic MnBO, for different spin states measured
with respect to their lowest spin configurations are plotted in
parts e and f of Figure 4. The total magnetic moment of the
ground state for MnBO, is 6 up and that for MnBO, ™ is S .
Both of them have a linear structure (as shown in Figure 1), and
the distance of the Mn—O bond is 1.90 A for neutral and 2.01 A
for the anion. From the NBO analysis, we see that, in neutral
MnBO,, the Mn atom donates 0.89 charge to the BO, moiety.
When an extra electron is added to MnBO,, it preferentially
goes to the Mn site, thus neutralizing its positive charge. The
BO, moiety in MnBO,  carries a negative charge of 0.98. Note
that in MnCl , Cl carried a charge of 0.9. The HOMO and
LUMO orbitals are represented in Figure 6, where the orbitals
from Mn site are predominant. In comparison to the HOMO
and LUMO of MnBO, and MnBO, with MnClI and MnCl ,
we can see that the BO, moiety is playing exactly the same role
as the Cl atom does in the clusters.

Figure 7. (a) HOMO and (b) LUMO of Mn,BO,; (¢) HOMO and
(d) LUMO of Mn,BO, .

D. Mn,BO, and Mn,BO, . Next we studied the interaction
of BO, with a Mn, dimer. We expected that in analogy with
Mn,CI Mn,BO, should also be ferromagnetic with a magnetic
moment of 11 up. We chose more than 10 initial configurations
for geometry optimization by placing the two Mn atoms at
different binding sites on the BO, moiety. The lowest-energy
structures for both the neutral and anion Mn,BO, clusters are
shown in Figure 1. The relative energies of neutral and anionic
Mn,BO, for different spin states measured with respect to their
lowest spin configurations are plotted in parts g and h of Figure 4.
The total magnetic moment of the ground state of Mn,BO,
is 11 up. As expected, the magnetic coupling in Mn,BO, is
antiferromagnetic, and hence, the total magnetic moment is
zero. Thus, one can switch the coupling in Mn,BO, from
ferromagnetic to antiferromagnetic simply by adding an electron.
We note that the geometries of neutral and anionic Mn,BO, are
also similar to those of Mn,Cl when Cl is replaced by BO,; the
neutral has a triangular structure, while the anion is linear.
Because of the large electron affinity of BO,, 1.16 electrons are
transferred from Mn, to BO, in Mn,BO, cluster (see Table 2)
leaving two Mn atoms in a state of Mn, " and ferromagnetically
coupled with a Mn—Mn bond length of 3.13 A. The extra
electron in Mn,BO, anion goes almost entirely to the BO,
moiety, leaving two Mn atoms as in neutral state of Mn, and
coupled antiferromagnetically. The HOMO and LUMO orbitals
of these two clusters are given in Figure 7. Here again the HOMO
and LUMO of Mn,BO, and Mn,BO,  are similar to those of
Mn,Cland Mn,Cl " ; the main contributions arising from the Mn
orbitals. It is also interesting to note the differences: the LUMO
of Mn,Cl is mainly from the Mn 3d,. orbital of two Mn sites with
the same phase (Figure Sb), while the LUMO of Mn,BO, is
mainly from the hybridized 3d 4s orbitals of two Mn sites but
with different phase (Figure 7b).

E. (Mn,Cl), and (Mn,Cl), . We have shown in the above that
it is possible to induce ferromagnetic transition in Mn, dimer by
reacting it with a halogen atom such as Cl or superhalogen
moiety such as BO,. In this section we explore the magnetic
coupling between Mn spins as two Mn,Cl units are allowed to
form a dimer. We have calculated the equilibrium geometries of
both neutral and anionic (Mn,Cl), clusters for all allowable spin
configurations. The vertical detachment energies and electron
affinities are also calculated so that they can be compared with
future experiments to validate the accuracy of our predictions.
Several initial configurations were tried to obtain the lowest-
energy structure, which is shown in Figure 1. The magnetic
moments localized at the Mn sites in both neutral and anionic
(Mn,Cl), clusters are coupled ferromagnetically, resulting in
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Figure 9. (a) HOMO and (b) the LUMO of (Mn,Cl),; (¢) HOMO
and (d) LUMO of (Mn,Cl), .

total magnetic moments of 18 uy, for the neutral and 19 uy, for the
anion. The spin density distribution plotted in Figure 3 (e, and e,)
shows that the magnetic moments are primarily concentrated at
the Mn sites. The Mulliken atomic spins and NBO charges are
given in Table 2. In both of these cases charges are transferred
from Mn atoms to Cl atoms. The neutral cluster geometry has C,
symmetry, while the anion has C,;, symmetry. The relative
energies of each spin state measured with respect to the lowest-
energy spin configuration are plotted in parts a and b of
Figure 8. The HOMO and LUMO orbitals of the two lowest-
energy clusters are shown in Figure 9. The HOMO and LUMO
orbitals of these two clusters are mainly from d,,, d,., d,., and
d.—,> of Mn sites.

IV. CONCLUSION

In summary, by using DFT and B3LYP functional for ex-
change and correlation potential we have calculated the equilib-
rium geometries, magnetic couplings, electronic structures,
vertical detachment energies, and electron affinities of Mn atoms
interacting with Cl and BO,. We find that halogens and super-

halogens have the same effect of accepting electrons to tune the
magnetic coupling between Mn atoms, namely, the two Mn
atoms in Mn,Cl and Mn,BO, couple ferromagnetically as they
do in Mn,". In contrast, the coupling between Mn atoms in
Mn,Cl" and Mn,BO,  becomes antiferromagnetic such as what
happens in neutral Mn,_ Almost all the magnetic moments are
localized at the Mn site. We also find that when two Mn,Cl
clusters are allowed to interact with each other the resulting
Mn,Cl, cluster remains ferromagnetic with a total magnetic
moment of 18 ug. Here all four Mn atoms cluster to form a
rhombuslike structure with the two Cl atoms removed to either
end of the cluster. We have also calculated the electron affinities
of these clusters, which can be compared with experimental data
when available. We hope that this paper will stimulate photo-
electron spectroscopy experiments so that our predictions can be
verified. In addition, using chemical reaction to promote mag-
netic transition can be used as another means to synthesize new
magnetic materials.
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