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Manganese is a multifarious element and presents a large variety of behaviors. With the aim of understand-
ing the complex behavior, we performed a systematic study of the magnetic solutions of the manganese dimer
as a function of the interatomic distance. The calculation is performed within the framework of an ab initio
calculation. We show that a remarkable interplay between different magnetic couplings leads to a transition
between antiferromagnetic and ferromagnetic couplings as a function of interatomic distance. We present the
electronic spectra for the two configurations for different interatomic distances and show clearly the role of the
4s to 3d electron transfer to stabilize the antiferromagnetic solution at short distances. Our results are in good

agreement with experiment.
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I. INTRODUCTION

The magnetic properties of manganese have represented a
challenge for many decades. Manganese is a unique element
which exhibits a variety of unusual crystallographic, elec-
tronic, and magnetic properties depending on the pressure,
temperature, and its environment.'"® For instance, the bulk-
crystal structure of @-Mn at ambient conditions is paramag-
netic and its crystal structure cell contains 58 atoms. At tem-
peratures below the Néel temperature Ty=95 K, it adopts a
complex noncollinear (NC) antiferromagnetic (AFM) phase.
In addition, the magnetic phase transition is coupled to a
crystal lattice distortion.” Upon increasing the temperature to
1000 K, the solid undergoes a crystallographic transition to a
cubic lattice with 20 atoms per unit cell.'” The y phase is
observed in the range from 1368 to 1406 K. Finally, from
this last temperature to the melting point 7),=1517, manga-
nese adopts the o phase, which has a bcc structure.

On the other hand, by quenching the 7y phase to room
temperature a face-centered-tetragonal structure is stabilized.
This phase is antiferromagnetic with a Néel temperature of
Ty=570 K. Furthermore, recent high-pressure experiments'!
report a change in phase from the « to the € phase that seems
to be an antiferromagnet with bce structure and Néel tem-
perature of 7y=450 K.

Other interesting characteristic is that dilute solutions of
Mn in Cu and Ag behave like spin glasses.! These spin-glass
systems have the properties of a Heisenberg spin system.
However, the presence of anisotropies induces an Ising-type
state at small magnetic fields. Other intriguing system with
potential technological applications are the mixed-valence
manganese oxides known as manganites. They show a vari-
ety of magnetic and electronic phenomena such as colossal
magnetoresistance (CMR), orbital and charge orderings, etc.
Applications of modest external fields may drastically
modify the state of such materials, i.e., induce an insulator to
metal transition. It has been reported” that permanent photo-
induced changes in Bij;Ca (;MnOj5 support the feasibility of
optical recording in manganites.
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Recently, the discovery of complex Mn molecules that
function as nanoscale magnets has been reported.>~ These
intricate molecules with Mn;, and Mn, complexes act as
single-domain magnetic particles that, below their blocking
temperature, exhibit magnetization hysteresis. Such single
molecule magnets display also resonant tunneling between
spin states.>* In both cases the manganese atoms are in the
Mn3** and Mn** oxidation states with spins S=2 and §
=3/2, respectively. The ions are coupled by a superexchange
interaction through oxygen bridges to give a total spin §
=10 and $=9/2.

Consistent with the remarkable properties of Mn com-
pounds mentioned above, experiments show that small man-
ganese clusters exhibit a complex magnetic behavior with
signatures of superparamagnetism and magnetic moments
w(n) smaller than 1.5u,/atom.%”1213 The behavior of u(n)
as a function of 7 is strongly nonmonotonous.'>!3 In a recent
publication we have addressed this problem and offered a
possible explanation on the context of noncollinear solutions
for the magnetic-moment arrangements.'#

Finally, the most simple manganese molecule, the dimer
is not fully understood. From the experimental point of view,
the bond length obtained by electron spin resonance spec-
troscopy is 3.4 A, which is very large as compared with the
bulk value dy=2.89 A. The measurements were performed
by depositing the dimer in rare-gas matrices and found that
the dimer has a very low dissociation energy Dy=0.1 eV,
and the atomic spins couple antiferromagnetically.” A reso-
nance Raman experiment also supports the singlet antiferro-
magnetic ground state'” (12;). For an extensive review on
the experimental research on transition metal and lanthanide
small clusters, Lombardi and Davis® can be consulted.

It is clear that in an attempt to disentangle the complex
behavior of manganese one must try to understand the prop-
erties of the dimer as a basic unit. Understanding the mag-
netic coupling of two manganese atoms as a function of dis-
tance, and as first approximation, it may shed some light on
what to expect in more complex systems if one knows the
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distance between them. In recent years, this subject has been
a field of intensive theoretical and experimental research but
up to now no consensus on its properties has been achieved.

One of the earliest calculations on Mn,,'® based on
the Hartree-Fock approximation, obtained an antiferromag-
netic ground state with a bond length of 2.88 A. More re-
cently, different theoretical determinations of the magnetic
and electronic structure of Mn, have been reported within
the framework of the density-functional theory!’”"' and
molecular-orbit methods.?*??> The density-functional theory
calculations yield a ferromagnetic (FM) ground-state solu-
tion, but the antiferromagnetic solution differs only slightly
in energy. Furthermore, a careful analysis within an all-
electron scheme came to the conclusion that Mn, exhibit
multiple magnetic and structural minima.!” On the other
hand, the MO calculations by Wang and Chen?! and Yama-
moto et al.?? yield an antiferromagnetic ground state.

The experimental evidence and the theoretical works
mentioned above suggest that the most probable scenario for
the magnetic properties of the dimer and small Mn clusters is
that of almost degenerate different spin configurations.
Therefore, the correct approach to describe their magnetic
structure must include noncollinearity. The importance of
this property was recognized recently by a calculation which
yields a noncollinear magnetic configuration for Mng.?
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FIG. 1. (Color online) Spin resolved density of states (DOS) of
Mn, in the AFM state for an interatomic distance of d=2.6 A. The
upper figure corresponds to contributions from the s and d orbitals
of the whole dimer. Bottom figure: close up of the spin resolved
DOS in the AFM state for a small energy window around the
HOMO. The y units are states per eV.
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Moreover, the fact that the ferromagnetic and antiferromag-
netic solutions are very close in energy, in particular, for very
small clusters'® could also lead to spin frustration in larger
clusters. As mentioned above, the overall size dependence of
m(n) measured by Knickelbein'>!3 was theoretically de-
scribed recently'* on the basis of a noncollinear model for
the magnetic moments ground-state orientations.

In this paper, we extend the theoretical description of the
dependence of the electronic and magnetic solutions on the
interatomic distance for Mn,. We find that the magnetic cou-
pling depends very sensitively on the interatomic distance.
For short distances the ground state is antiferromagnetic but
it changes to ferromagnetic at d=3.06 A. In particular in our
calculation the ground state is antiferromagnetic with an in-
teratomic distance d=2.89 A.

The rest of the paper is organized as follows. In Sec. II we
give the details of the calculation. The results and their dis-
cussion are contained in Sec. III. Our conclusions are pre-
sented in Sec. IV.

II. CALCULATION

We performed collinear and noncollinear ab initio deter-
mination of the magnetic properties of Mn,. Our results sug-
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FIG. 2. (Color online) Spin resolved DOS of Mn, in the FM
state for an interatomic distance of d=2.6 A. The upper figure cor-
responds to contributions from the s and d orbitals of the whole
dimer. Bottom figure: close up of the spin resolved DOS in the AF
state for a small energy window around the HOMO. The y units are
states per eV.
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FIG. 3. (Color online) Spin resolved DOS of Mn, in the AFM state for different interatomic distances: d=2.6 A (top panel), d
=3.06 A (middle panel), and d=3.6 A (bottom panel). Left and middle figures correspond to contributions from the s and d orbitals from
both atoms, while right figures correspond to total contribution of s, p, and d orbitals coming from each one of the atoms.The y units are

states per eV.

gest that a remarkable competition between kinetic and
exchange-correlation energies leads to almost degenerate
spin configurations. To determine the electronic and mag-
netic properties of the dimer we have used the SIESTA code,?*
which performs a fully self-consistent density-functional cal-
culation to solve the Kohn-Sham equations in a localized
basis set. We included spin polarization, both collinear and
noncollinear,” in the local-density approximation (LDA).
The ionic pseudopotentials®® were generated from the atomic
configurations [Ne]3s23p®3d°4s?, core radii of 1.50, 1.50,
1.30, and 2.20 a.u. for the s, p, d, and f components, respec-
tively, and a core correction of 0.7 u.a. The basis set used for
the present work to describe the valence states is a double-{
set with a confining energy shift of 50 meV. We tested the
energy convergence to choose the most appropriate energy
shift. We did also performed some other calculations to
prove the reliability of our results with respect to the basis
set, as performed in Ref. 14.

We calculated the minimal energy solution of the
Kohn-Sham equations by fixing the dimer distance and
by assuming a given magnetic configuration (ferromagnetic
and antiferromagnetic). We should also point out that in or-

der to check the validity of our conclusions, we performed
similar collinear calculations with two other exchange
correlations.?”-?® We obtained that the minimal Mn dimer dis-
tance is different (3.18 and 3.34 A, respectively), but the
transition from AFM to FM state is produced by the same
physical effects that we explain below. Furthermore, we also
performed the calculation by allowing that the magnetic mo-
ments of each atom take any arbitrary direction and adopt the
direction of minimal energy, i.e., noncollinearity. All calcu-
lations were performed with an energy convergence better
than 0.1 meV.

As mentioned below, we studied the charge transfer. In
particular we calculated this quantity from the change in the
Mulliken population per atom as function of distance. This
analysis allow us to deduce the change in the electronic
charge on the various orbitals in each manganese atom.

III. RESULTS AND DISCUSSION

We present in Fig. 1 the spin resolved electronic occupa-
tion spectra obtained assuming an AFM arrangement for an
interatomic distance d=2.6 A. Here, we have added a small
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FIG. 4. (Color online) Spin-resolved DOS of Mn, in the FM state for different interatomic distances: d=2.6 A (top panel), d
=3.06 A (middle panel), and d=3.6 A (bottom panel). Left and middle figures correspond to contributions from the s and d orbitals from
both atoms, while right figures correspond to total contribution of s, p, and d orbitals coming from each one of the atoms. The y units are

states per eV.

imaginary part around the energy levels to wide them up and
the zero of energy is taken at the highest occupied molecular-
orbital (HOMO) energy level. The contributions coming
from the different electronic levels are shown. One notices
that the 35 and 3p electronic states are fully occupied since
they lie deep in energy and do not contribute to the magnetic
moment. The lower part contains a close up to the region
around the zero of energy. As shown here, the electrons near
the HOMO are the 4s and 3d electrons. The small peaks
correspond to the 4s electrons. There is a small number of s
states with spin up above the HOMO. As discussed below,
these states bring a decrease in the total magnetic moment .

In Fig. 2 we show the results for the spin-resolved elec-
tronic occupation spectra assuming the same interatomic dis-
tance but for the ferromagnetic arrangement. As expected,
the role of 3s and 3p electrons is also irrelevant for the
magnetic properties of this state of the dimer. In the lower
panel we present a close up to the region around the HOMO.
In this case the number of spin-up d electrons is 5 and the
one of spin-down electrons is zero. In the case of the 4s
orbitals, there is one electron with spin up and other with
spin down.

The evolution of the electronic occupations as a function
of the interatomic distance for the antiferromagnetic state is
shown in Fig. 3. The panels correspond to d=2.6, 3.06, and
3.6 A, respectively. One sees clearly how the s orbitals re-
duce their splitting and the s-states above the HOMO prac-
tically disappear at d=3.6 A.

A different situation is obtained when the magnetic ar-
rangement is FM. The results for the electronic occupation
for the three interatomic distances are plotted in Fig. 4. In
this case, as the distance between atoms increase, the spin-
down d-electronic state is the only one above the HOMO and
is therefore empty. This yields a magnetic moment pu=5ug.

In Fig. 5 we plot how the charge on the 4s and 3d levels
change as a function of distance for the antiferromagnetic
state. As the distance is decreased, the 3d down electron state
increases its charge at the expenses of the spin-down level.
Due to hybridization there is a small charge transfer between
s and d states. If the distance is too short the 4s up electrons
may be transferred in a larger amount than the spin down. As
discussed below, this brings a negative contribution to the
total magnetic moment. Let us recall that the results are
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for the ferromagnetic alignment is given in Fig. 6. The oc-
cupation of up 3d electrons is close to 5 and the increase in
down electrons as the distance decreases comes more from
- 4s electrons. It is also to be noticed that there is no crossover
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behavior in the distance dependence of the charge of up and
down electrons. This behavior brings a positive contribution
to the total magnetic moment.

We show in Fig. 7 the magnetic moments generated by 4s
and 3d electrons. The magnetic moment produced by d elec-
trons is smaller in the AFM than the FM case for short dis-
tances, and both become equal at a distance of about 3.06 A.
Above that value the FM arrangement has a magnetic mo-
ment smaller but very similar value to the AFM solution. A
more interesting behavior is observed in the s magnetic mo-
ment, which is negative for the AFM state at small values of
the interatomic distance. In contrast, the magnetic moment of
the ferromagnetic arrangement increases monotonously as
the interatomic distance gets shorter. The lower panel con-
tains the distance dependence of the total magnetic moment
on the two cases (FM and AFM).

In most of the ab initio calculations on Mn clusters re-
ported previous to this work a ferromagnetic ground state for
Mn,, and a change from ferromagnetic to antiferromagnetic
behavior for increasing number of manganese atoms in the
cluster was obtained.'””!® The antiferromagnetic behavior
was first obtained for clusters with five'® and nine atoms.!”
Although in a more recent calculation®® the appearance of
noncollinear solutions were obtained for Mng.

In contrast, our calculations yield an antiferromagnetic
ground state with a bond length of dy=2.890 A. This result
for the magnetic ordering of the dimer is in agreement with
the experimental evidences mentioned in Sec. 1.7 However,
it must be pointed out that the ferromagnetic, antiferromag-
netic, and noncollinear states are almost degenerate. We
show in Fig. 8 the distance dependence of the total energy
for the FM, AFM, and NC solutions. There is a remarkable
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distance dependence exhibited by the magnetic coupling, go-
ing from AFM to a NC arrangement to FM as the interatomic
distance increases. The most important feature of Fig. 8 is
that there is a crossing between the FM and AFM curves at
d.=3.06 A, which determines the interatomic distance at
which the ground-state changes from AFM to FM. This
crossing between the two different magnetic states is also
present in singly charged manganese dimers (with charges of
+1.0 and —1.0). Note also that the equilibrium distances
(2.8 A for Mn} and 2.6 A for Mn;) are smaller than in the
neutral dimer.

It is important to note that the energy of the noncollinear
solution coincides with the AFM curve for distances d <d,
and with the FM curve for d >d,. This means that the dimer
shows collinear magnetism for almost all distances. How-
ever, we obtain an interesting behavior around d=d,, where
the noncollinear solution has a slightly lower energy than the
collinear curves. This is due to the fact that at this point the
AFM and FM states have the same energy and therefore an
intermediate noncollinear state leads to an energy decrease.

Another important feature shown by Fig. 8 is the appear-
ance of multiple minima in the three energy curves. It is
important to note that the depths of all energy minima are
larger than the error Ag of the energy calculations. Ae
<1 meV, whereas the heights of the energy barriers are at
least 5 meV. It is possible that inclusion of van der Waals
interactions (which are not taken into account by the LDA)
might lead different and more pronounced minimum. In the
inset we show the relative orientation between the magnetic
moments in the noncollinear dimer as well as the change in
average magnitude of the magnetic moment as a function of
dimer length.

The various minima of the energy are produced by the
competition of the various interactions. The different energy
terms (exchange, correlation, Kinetic energy, Hartree energy,
and core-core repulsion) compensate each other in such a
way that small variations in magnitude of these terms lead to
shifts, amplification, or disappearance of some of the
minima, as it is shown in Fig. 9, where we show that the
competition between kinetic energy and the exchange corre-
lation is responsible for the variations in the potential-energy
surface.

We have analyzed the distance dependence of the differ-
ent terms contributing to the cohesive energy of the dimer
(see Fig. 9). It turns out that most of the energy terms cancel
each other, except the correlation energy, which plays then
the fundamental role. Since the FM and the AFM configura-
tions of the dimer are very close in energy, and due to the
change in magnetic character for increasing distances, one
should not expect a clear magnetic ordering in small clusters,
but rather a competition between both types in larger clusters
where manganese atoms may be located at distances that
favor FM or AFM coupling. The fact that nearest neighbors
will tend to order antiferromagnetically, whereas further
neighbors will favor a ferromagnetic ordering leads to non-
collinear effects and domain formation in order to avoid spin
frustration as much as possible.

The behavior shown in Fig. 8 can be interpreted as fol-
lows. For short interatomic distances the strong overlap of
3d-orbitals and hybridization effects with 4s electrons lead to
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FIG. 10. (Color online) Exchange coupling for Mn, as a func-
tion of dimer distance.

electron delocalization, which favors antiferromagnetism. In
contrast, for long distances, localization becomes more im-
portant and the low hybridization with 4s states lead to a
ferromagnetic ground state.

One can analyze the crossing of energy curves within the
framework of magnetic coupling constants. We have deter-
mined an effective exchange coupling constant J(d) between
localized spins at the Mn atoms as defined by

J(d)=[E(d)"* - E(@)']/2 (1)

as a function of the interatomic distance d. This behavior is
shown in Fig. 10. As expected, we obtain J>0 for d<d,
(antiferromagnetic coupling) and J <0 for d>d, (ferromag-
netic coupling).

IV. CONCLUSIONS

We have performed a theoretical description of the depen-
dence of the electronic and magnetic solution on the inter-
atomic distance for Mn,. We analyzed in detail the electronic
occupation of the 4s and 3d states and stressed the differ-
ences between the FM and AFM states. We find that the
magnetic coupling depends very sensitively on the inter-
atomic distance. For short distances the ground state is anti-
ferromagnetic but it changes to ferromagnetic at d=3.06 A.
In particular in our calculation the ground state is antiferro-
magnetic with an interatomic distance d=2.89 A.

The calculation was performed by assuming collinear, fer-
romagnetic, and antiferromagnetic, and noncollinear arrange-
ment between spins within the framework of the ab initio
SIESTA code.”* The basis set used for the present work to
describe the valence states is a double-{ set with a confining
energy shift of 50 meV.

Our results suggest that a remarkable competition be-
tween kinetic and exchange-correlation energies leads to al-
most degenerate spin configurations. We obtain that the cor-
relation energy favors antiferromagnetic behavior for short
distances, while for larger atomic separations, the correlation
energy of the ferromagnetic state makes it the most stable.
Due to this effect, one should not expect a clear unique mag-
netic ordering in small clusters. The scenario gets more com-
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plicated in larger clusters where manganese atoms may be
located at distances that favor FM or AFM coupling. This
competition may be the reason for the complex behavior of
manganese. Furthermore, the fact that nearest neighbors will
tend to order antiferromagnetically, whereas further neigh-
bors will favor a ferromagnetic ordering leads to noncol-
linear effects and domain formation to overcome spin frus-
tration as much as possible.
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