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Emergence of antiferromagnetic ordering in Mn clusters
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First-principles density-functional-theory investigations of small Mnn (n52 –7,13) clusters reveal a com-
petition between ferromagnetic and antiferromagnetic ordering of atomic magnetic moments. For smaller sizes
(n<6), this competition results in a near degeneracy between the two types of orderings, whereas AF arrange-
ments are clearly favored for larger clusters. The calculations thus predict a size-dependent transition in the
magnetic ordering of Mn clusters.
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The study of magnetism in transition-metal clusters is m
tivated largely by the desire to understand how magn
properties change when the dimensions of a material are
duced to nanometer length scales, a question of potent
great technological importance. A variety of interesting ma
netic behavior has been discovered, ranging from enhan
magnetic moments in clusters of ferromagnetic metals s
as Fe@1#, to the prediction of net magnetic moments in clu
ters of nonmagnetic bulk materials@2#. Generally, the mag-
netic properties of clusters show a dependence on cluster
@3–5# and systematic studies of these systems hold the pr
ise of yielding new insight into magnetic ordering in mate
als.

Manganese clusters are particularly interesting. An ea
electron-spin-resonance study@6# on small Mn clusters in an
inert matrix suggested ferromagnetic ordering with atom
moments of;5mB , the Hund’s rule value for the free atom
More recently, Stern-Gerlach~SG! molecular-beam experi
ments@5# were carried out on larger clusters (Mn11– Mn99).
Analysis of the data assuming superparamagnetic beha
@7# in the clusters found small, but nonzero, average ato
magnetic moments. This result can be interpreted in on
two ways. If ferromagnetic~FM! ordering is assumed, th
atoms must all have small individual moments. A seco
possibility is that the atomic moments remain large, but th
orientation flips from site to site, so that the net cluster m
ments are small. The latter possibility has been found to
the preferred one for small Fen (n52 –4) clusters of low
spin @8#. This antiferromagnetic~AF! interpretation is com-
pelling, sincea-Mn, the most stable form of bulk manga
nese, is AF. It is also supported by new density-functio
theory~DFT! calculations that found AF solutions to be mo
stable than FM solutions in intermediate size Mnn clusters
(n513, 15, 19, and 23! @9#.

Given these results, it appears that Mn clusters under
change in magnetic behavior from FM ordering for t
smallest sizes to AF ordering for intermediate sizes and
yond. We address the nature of this transition in this pa
Our DFT calculations on Mnn clusters (n52 –7,13) show
that the smaller clusters are characterized by a close com
tition between FM and AF solutions. FM ordering is clear
favored for n52 and 4, but AF and FM states are nea
degenerate forn53, 5, and 6. A radical change occurs atn
57 where the AF solution is much more stable than the F
A similar behavior is found forn513, suggesting that AF
1050-2947/2003/67~6!/061202~4!/$20.00 67 0612
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ordering is a general feature of the larger clusters. Inter
ingly, we find that like atomic spins tend to congregate in t
AF clusters, reflecting a competition between FM orderi
and AF ordering even in these clusters. In the following pa
graphs, we discuss our calculations and present a simple
ture of the bonding in Mnn clusters that rationalizes the
magnetic behavior.

The DFT calculations were performed using the gene
ized gradient approximation~GGA! @10#. The all-electron
formalism features large Gaussian basis sets for the Mn
oms and a robust numerical integration scheme@11,12#.
Gradient-based geometry optimizations were termina
when the largest atomic force fell below 0.001 hartree/bo
Combining this relaxation scheme with carefully adjust
integration mesh parameters, we can reliably distinguish
ergy differences as small as 0.03 eV~0.001 hartree! between
different structures.

In previous theoretical investigations of small Mnn clus-
ters @13,14#, the geometrical parameters and the net spin
the clusters were optimized in the search for the optim
states without explicit consideration of the relative orien
tion of atomic moments. The lowest-energy clusters found
this way were FM, leading to the conclusion that Mnn with
n<8 are FM. However, given the possibility of AF orderin
in these clusters, the relative orientations of the individ
atomic spins in a cluster must also be considered in the
timization process. We find that for a given structure, seve
different, magnetically stable@15# arrangements of the
atomic spins can exist for the same total spin, each co
sponding to a different total energy. We, therefore, explici
considerall possiblerelative orientations of atomic spins i
our search procedure.

To determine the optimal structures, we considered
lowest-lying isomers found previously in unbiased searc
of the energy surfaces for Fe clusters@16# for further optimi-
zation. For each arrangement, we considered several di
ent total spins, around 5(N↑-N↓), whereN↑(N↓) is the num-
ber of atoms with spin-up~down! atomic moments and al
inequivalent relative orientations of atomic moments asso
ated with each total spin. Local magnetic ordering within t
cluster is obtained by integrating the spin density with
atom centered spheres of radius 1.18 Å—the covalent ra
of Mn.

The case of Mn6 illustrates the complexity of the ful
optimization process. Two structural isomers were stud
©2003 The American Physical Society02-1
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FIG. 1. Atomic spin ordering, optimal tota
spin, and relative energies for FM and AF iso
mers of Mn4 , Mn5, and Mn6. White atoms have
positive ~up! and black atoms have negativ
~down! magnetic moments.
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the octahedron and a bicapped tetrahedron. The former
only six independent arrangements of the atomic mome
because of its high symmetry, while the latter has 19. In F
1, we show the structures, net moments, and spin arra
ments of the solutions that lie within 0.08 eV of the grou
state. The three lowest-energy structures are almost deg
ate, possess the same basic geometry, with small differe
in the bond lengths, but have different total spins and rela
orientations of atomic spins ranging from a FM orderi
~structureb) to an AF ordering in structuresa andc. Gener-
ally, we find the bonds between atoms of opposite spin to
somewhat shorter (2.5–2.7 Å) than the bonds between
oms with the same spin (2.6–2.8 Å). Two higher-ene
structuresd ande represent additional higher-energy AF s
lutions.

To investigate the transition in the magnetic behavior
Mn clusters, we first reexamined the smaller clusters t
were studied previously within the DFT@13,14#. For both
Mn2 and Mn3, there are only two possible orientations of t
atomic spins. For Mn2 the optimal state is FM, with tota
spin 10mB . The AF arrangement has no net spin and l
0.44 eV above the FM state. Mn3 is triangular and the
lowest-spin arrangement is FM, with a net moment of 15mB ;
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however, the AF state with net moment 5mB lies only 0.05
eV higher. These results agree with those of the previ
calculations@13,14#.

Figure 1 shows our lowest-energy solutions for Mn4 and
Mn5. The tetrahedron is the optimal geometry for Mn4 and it
has three possible inequivalent spin arrangements. We
that the FM structure with net spin of 20mB is the ground
state, in agreement with the earlier calculations@13,14#;
however, the AF structure with one minority spin mome
and a net spin of 10mB lies only 0.11 eV higher in energy
The third possible magnetic ordering~not shown in Fig. 1!
has zero net spin and lies 0.24 eV above the FM grou
state.

In the case of Mn5, we examined a triangular bipyrami
and a square pyramid. Both geometries have six inequiva
atomic spin arrangements. We find that the triangular bipy
mid is generally more stable, independent of the specific s
arrangement. The lowest-energy solution is AF withN↑53
and a net spin of 3mB . The FM solution with net spin 23mB
lies 0.05 eV above the ground state. Other spin arrangem
including two low-lying AF solutions—one with a net spi
of 13mB , 0.03 eV higher in energy, and a second with a s
of 3mB , 0.05 eV higher in energy—are not shown.
2-2
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FIG. 2. Atomic spin ordering, optimal tota
spin, and relative energies of low-lying isome
of Mn7 and Mn13. White atoms have positive an
black atoms have negative magnetic moments
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We investigated the pentagonal bipyramid and the cap
octahedron for Mn7. The former structure has 12 inequiv
lent atomic spin arrangements, while the latter has 20.
two lowest-energy solutions~see Fig. 2! have the pentagona
bipyramid structure and are AF. The ground state hasN↑
54 and a net spin of 5mB . The next lowest cluster hasN↑
55 and a net spin of 11mB and lies 0.03 eV higher. The
lowest capped-octahedron solution for Mn7 ~not shown in
Fig. 2! hasN↑54 and a net spin of 3mB and lies 0.35 eV
above the ground state.

Unlike the smaller clusters, for which FM and AF sol
tions are nearly degenerate, in Mn7 the FM solution, with a
net spin of 29mB , lies high above the ground state. As show
in Fig. 2, it has a relative energy of 0.63 eV. In fact, th
structure has the highest energy of all the 12 possible
arrangements for the pentagonal bipyramid.

The high symmetry of the icosahedral structure for Mn13
and the presence of a central atom reduces the numbe
inequivalent combinations of the atomic moments to 50. F
ure 3 shows the two lowest-energy AF solutions along w
the lowest-energy FM arrangement. Our ground-state st
ture is identical to that found recently by Briereet al. @9#. It
hasN↑57 and a net spin of 3mB . The next lowest-energy
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combination also hasN↑57, but the spins of the centra
atom and the bottom cap atom are switched. This arran
ment has an optimal total spin of 7mB . The energy differ-
ence between these AF combinations is only 0.11 eV. T
next four solutions are all AF and are essentially degener
lying 0.14 eV above the ground state. One of these AF so
tions has a total spin of 1mB , and three have total spin o
5mB . The relative energy of the FM Mn13 structure is very
high, 2.42 eV~Fig. 2!, clearly showing that the FM ordering
is not energetically favorable for Mn13.

Including the error bars, the net magnetic moment fou
in the recent SG experiment for Mn13 corresponds to
(5 –9)mB . The low-energy DFT solutions shown in Fig.
are in good agreement with this range, although the b
structure has a somewhat smaller moment of 3mB . The dif-
ference between theory and experiment may be due to
presence of more than one low-lying magnetic isomer in
experiment.

The pronounced relative stability of AF vs FM solution
for both Mn7 and Mn13, combined with the experimenta
data showing small net moments for clusters withn>11,
strongly suggests that AF ordering is a general feature
Mnn clusters withn>7, that is, a transition to AF behavio
-
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FIG. 3. Schematic bonding
diagram for Mnn . The solid lines
mark the relative positions of ma
jority and minority 4s energy lev-
els in the Mn atom. The shade
areas represent the spread of t
4s energy levels in a cluster du
to bonding effects. The dashe
line represents the position of th
minority 3d level in the atom.
2-3
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occurs at Mn7. This conclusion is supported by new unpu
lished SG data indicating that small average magnetic
ments for Mnn extend down ton57 –10 @17#. A striking
feature of the AF solutions shown in Figs. 1 and 2 is t
strong tendency for like spins to congregate in a cluster. T
is particularly clear in Mn13, where the minority spins are
grouped together in one-half of the cluster. A similar grou
ing is also clearly seen in Mn7, where the three minority spin
atoms are bonded together on a triangle at the rear of
cluster.

A simple rationale for the magnetic behavior of Mn clu
ters emerges from the schematic bonding diagrams give
Fig. 3. The positions of the majority and minority 3d and 4s
energy levels in free Mn atoms~i.e., neglecting bonding ef
fects! are indicated. The majority spin 4s levels lie some-
what deeper than the minority spin 4s levels due to a deepe
exchange potential. The shaded regions represent the en
range spanned by the energy levels of the 4s-derived mo-
lecular orbitals. The most bonding states lie near the bot
of these regions, while the most antibonding states lie n
the top. The dashed line represents the position of the mi
ity spin 3d levels that are unoccupied in the atoms. In th
simple picture, it is assumed that the 3d orbitals have little
overlap with other orbitals.

Since the 4s levels are fully occupied in the Mn atom, a
the bonding and antibonding levels in Mnn would be fully
occupied if the minority 3d levels were to lie above the
shaded regions in Fig. 3. However, since the minorityd
levels lie within the shaded region, electron transfer from
most antibonding 4s derived states to the minority 3d states
lowers the energy. The basic bonding mechanism in both
and AF clusters therefore involves transferring electro
from the antibonding levels to the minority spin 3d level.
The binding energy is equal to the energy difference betw
these levels in this simplified picture. The situation in t
actual DFT calculations is somewhat more complex. For
ample, the minority 3d levels move up sharply as they a
occupied due to the Coulomb repulsion among the hig
localizedd electrons, so that, in practice, the highest oc
pied molecular orbitals~HOMO! have a mixture of 3d and
4s characters, representing a partial transfer of charge.
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There is an essential difference between the FM and
cases in the formation of the 4s manifold of states. In the FM
case, the majority electrons on each atom have the same
orientation. Therefore, the majority and minority 4s orbitals
form separate manifolds, with the minority spin states lyin
on an average, higher than the majority spin states. In the
case, the minority spin electrons on a down atom have
same spin as the majority spin electrons on an up at
Thus, the minority and majority levels can couple in A
clusters. This extra coupling pushes the highest antibond
states up in energy, as shown in Fig. 3, compared to
minority spin manifold in the FM case. This implies great
binding energy for the AF case. Because the highest a
bonding states involve mainly the minority 4s orbitals, the
4s→3d electron transfer tends to preserve large moments
individual atoms. This also explains why grouping the ato
of like spin together in the AF solutions is favorable. To g
the highest antibonding 4s levels possible, a strong couplin
between the minority spin 4s levels lying in the upper part o
the manifold is required and occurs when like spin ato
occupy neighboring sites in the clusters.

In this paper, we have described a transition in the m
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rameters, net spins, and all possible arrangements of ato
magnetic moments, we find that in clusters withn,7 FM
and AF solutions are found to be nearly degenerate, while
larger clusters AF solutions are clearly much lower in ene
than the best FM state. Our calculations thus provide an
ambiguous AF interpretation of the small net cluster m
ments observed experimentally for manganese clus
@5,17#. In all the cases, the AF solutions are characterized
a large number of nearly degenerate magnetic isomers. T
a painstaking search of various isomers is required to de
mine the lowest-energy structure. Finally, we presen
simple picture of the bonding mechanism of these clus
that explains the relative stability of AF spin arrangeme
and the clustering of like spins in these clusters.
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