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Emergence of antiferromagnetic ordering in Mn clusters
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First-principles density-functional-theory investigations of small,Mn=2-7,13) 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 mo-ordering is a general feature of the larger clusters. Interest-
tivated largely by the desire to understand how magnetiéngly, we find that like atomic spins tend to congregate in the
properties change when the dimensions of a material are réF clusters, reflecting a competition between FM ordering
duced to nanometer length scales, a question of potentiallgnd AF ordering even in these clusters. In the following para-
great technological importance. A variety of interesting mag-graphs, we discuss our calculations and present a simple pic-
netic behavior has been discovered, ranging from enhancedre of the bonding in Mp clusters that rationalizes their
magnetic moments in clusters of ferromagnetic metals suchmagnetic behavior.
as Fe[1], to the prediction of net magnetic moments in clus- The DFT calculations were performed using the general-
ters of nonmagnetic bulk materidlg]. Generally, the mag- ized gradient approximatioGGGA) [10]. The all-electron
netic properties of clusters show a dependence on cluster sifermalism features large Gaussian basis sets for the Mn at-
[3-5] and systematic studies of these systems hold the prontms and a robust numerical integration schef#,12.
ise of yielding new insight into magnetic ordering in materi- Gradient-based geometry optimizations were terminated
als. when the largest atomic force fell below 0.001 hartree/bohr.

Manganese clusters are particularly interesting. An earl\Combining this relaxation scheme with carefully adjusted
electron-spin-resonance stufBj on small Mn clusters in an integration mesh parameters, we can reliably distinguish en-
inert matrix suggested ferromagnetic ordering with atomicergy differences as small as 0.03 é€/001 hartregbetween
moments of~5ug, the Hund’s rule value for the free atom. different structures.

More recently, Stern-GerlactSG) molecular-beam experi- In previous theoretical investigations of small Madus-
ments[5] were carried out on larger clusters (MaMngg). ters[13,14], the geometrical parameters and the net spin of
Analysis of the data assuming superparamagnetic behavithe clusters were optimized in the search for the optimal
[7] in the clusters found small, but nonzero, average atomistates without explicit consideration of the relative orienta-
magnetic moments. This result can be interpreted in one aion of atomic moments. The lowest-energy clusters found in
two ways. If ferromagneti¢FM) ordering is assumed, the this way were FM, leading to the conclusion that Msith
atoms must all have small individual moments. A seconch=<8 are FM. However, given the possibility of AF ordering
possibility is that the atomic moments remain large, but theitin these clusters, the relative orientations of the individual
orientation flips from site to site, so that the net cluster mo-atomic spins in a cluster must also be considered in the op-
ments are small. The latter possibility has been found to bémization process. We find that for a given structure, several
the preferred one for small Fgn=2-4) clusters of low different, magnetically stablg15] arrangements of the
spin [8]. This antiferromagneti¢AF) interpretation is com- atomic spins can exist for the same total spin, each corre-
pelling, sincea-Mn, the most stable form of bulk manga- sponding to a different total energy. We, therefore, explicitly
nese, is AF. It is also supported by new density-functionakonsiderall possiblerelative orientations of atomic spins in
theory(DFT) calculations that found AF solutions to be more our search procedure.

stable than FM solutions in intermediate size Milusters To determine the optimal structures, we considered the
(n=13, 15, 19, and 239]. lowest-lying isomers found previously in unbiased searches

Given these results, it appears that Mn clusters undergo @ef the energy surfaces for Fe clustgt$] for further optimi-
change in magnetic behavior from FM ordering for thezation. For each arrangement, we considered several differ-
smallest sizes to AF ordering for intermediate sizes and beent total spins, around 8(-N ), whereN,(N)) is the num-
yond. We address the nature of this transition in this papeher of atoms with spin-ugdown) atomic moments and all
Our DFT calculations on Mnclusters 6=2-7,13) show inequivalent relative orientations of atomic moments associ-
that the smaller clusters are characterized by a close compated with each total spin. Local magnetic ordering within the
tition between FM and AF solutions. FM ordering is clearly cluster is obtained by integrating the spin density within
favored forn=2 and 4, but AF and FM states are nearly atom centered spheres of radius 1.18 A—the covalent radius
degenerate fon=3, 5, and 6. A radical change occursmat of Mn.
=7 where the AF solution is much more stable than the FM. The case of Mg illustrates the complexity of the full
A similar behavior is found fon=13, suggesting that AF optimization process. Two structural isomers were studied,
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FIG. 1. Atomic spin ordering, optimal total
spin, and relative energies for FM and AF iso-
mers of Mny,, Mng, and Mry. White atoms have
positive (up) and black atoms have negative
(down) magnetic moments.

(2) 8 up (b) 26 up (©) 16 up
AE =0eV AE =0.03eV AE =0.03eV
(d)2 g (e)8up

AE =0.08eV AE =0.08¢V

the octahedron and a bicapped tetrahedron. The former h&wwever, the AF state with net momentp lies only 0.05
only six independent arrangements of the atomic momentgV higher. These results agree with those of the previous
because of its high symmetry, while the latter has 19. In Figcalculationg 13,14
1, we show the structures, net moments, and spin arrange- Figure 1 shows our lowest-energy solutions for Mand
ments of the solutions that lie within 0.08 eV of the groundMns. The tetrahedron is the optimal geometry for vand it
state. The three lowest-energy structures are almost degenéias three possible inequivalent spin arrangements. We find
ate, possess the same basic geometry, with small differencésat the FM structure with net spin of 2@ is the ground
in the bond lengths, but have different total spins and relativestate, in agreement with the earlier calculatidis,14;
orientations of atomic spins ranging from a FM orderinghowever, the AF structure with one minority spin moment
(structureb) to an AF ordering in structuresandc. Gener- and a net spin of 10z lies only 0.11 eV higher in energy.
ally, we find the bonds between atoms of opposite spin to b&he third possible magnetic orderirigot shown in Fig. 1
somewhat shorter (2.5-2.7 A) than the bonds between ahas zero net spin and lies 0.24 eV above the FM ground
oms with the same spin (2.6-2.8 A). Two higher-energystate.
structuresd ande represent additional higher-energy AF so- In the case of Mg, we examined a triangular bipyramid
lutions. and a square pyramid. Both geometries have six inequivalent
To investigate the transition in the magnetic behavior ofatomic spin arrangements. We find that the triangular bipyra-
Mn clusters, we first reexamined the smaller clusters thamid is generally more stable, independent of the specific spin
were studied previously within the DF[IL3,14]. For both  arrangement. The lowest-energy solution is AF with=3
Mn, and Mn, there are only two possible orientations of theand a net spin of 3g. The FM solution with net spin 23z
atomic spins. For Mpn the optimal state is FM, with total lies 0.05 eV above the ground state. Other spin arrangements
spin 1Qug. The AF arrangement has no net spin and liesncluding two low-lying AF solutions—one with a net spin
0.44 eV above the FM state. Mns triangular and the of 13ug, 0.03 eV higher in energy, and a second with a spin
lowest-spin arrangement is FM, with a net moment gkd5  of 3ug, 0.05 eV higher in energy—are not shown.
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FIG. 2. Atomic spin ordering, optimal total

spin, and relative energies of low-lying isomers
of Mn; and Mn,;. White atoms have positive and

black atoms have negative magnetic moments.

We investigated the pentagonal bipyramid and the cappedombination also ha®l;=7, but the spins of the central
octahedron for Mp The former structure has 12 inequiva- atom and the bottom cap atom are switched. This arrange-
lent atomic spin arrangements, while the latter has 20. Thenent has an optimal total spin ofug. The energy differ-
two lowest-energy solutionsee Fig. 2 have the pentagonal ence between these AF combinations is only 0.11 eV. The

bipyramid structure and are AF. The ground state Nas
=4 and a net spin of bg. The next lowest cluster hay,

next four solutions are all AF and are essentially degenerate,
lying 0.14 eV above the ground state. One of these AF solu-

=5 and a net spin of 1dz and lies 0.03 eV higher. The tions has a total spin of Az, and three have total spin of

lowest capped-octahedron solution for Mot shown in

S5ug. The relative energy of the FM Mg structure is very

Fig. 2 hasN,;=4 and a net spin of @g and lies 0.35 eV  high, 2.42 eV(Fig. 2), clearly showing that the FM ordering

above the ground state.

Unlike the smaller clusters, for which FM and AF solu-
tions are nearly degenerate, in Mihe FM solution, with a

is not energetically favorable for Mg.

Including the error bars, the net magnetic moment found
in the recent SG experiment for N corresponds to

net spin of 2%, lies high above the ground state. As shown(5-9)ug. The low-energy DFT solutions shown in Fig. 2

in Fig. 2, it has a relative energy of 0.63 eV. In fact, thisare in good agreement with this range, although the best

structure has the highest energy of all the 12 possible spistructure has a somewhat smaller moment 3 The dif-

ference between theory and experiment may be due to the
The high symmetry of the icosahedral structure for;Mn presence of more than one low-lying magnetic isomer in the

and the presence of a central atom reduces the number ekperiment.

arrangements for the pentagonal bipyramid.

inequivalent combinations of the atomic moments to 50. Fig-

The pronounced relative stability of AF vs FM solutions

ure 3 shows the two lowest-energy AF solutions along withfor both Mn, and Mn;, combined with the experimental
the lowest-energy FM arrangement. Our ground-state struaata showing small net moments for clusters with 11,

ture is identical to that found recently by Briee¢al.[9]. It

strongly suggests that AF ordering is a general feature in

hasN,=7 and a net spin of @g. The next lowest-energy Mn, clusters withn=7, that is, a transition to AF behavior
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FIG. 3. Schematic bonding
diagram for Mry. The solid lines
- mark the relative positions of ma-
jority and minority 4 energy lev-
els in the Mn atom. The shaded
areas represent the spread of the
4s energy levels in a cluster due
to bonding effects. The dashed
line represents the position of the
minority 3d level in the atom.
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occurs at Mn. This conclusion is supported by new unpub- The.re is an essgntial differenqe between the FM and AF
lished SG data indicating that small average magnetic macases in the formation of thes4nanifold of states. Inthe FM
ments for Mn, extend down ton=7-10[17]. A striking  Ccase, the majority electrons on each atom have the same spin
feature of the AF solutions shown in Figs. 1 and 2 is theorientation. Therefore, the majority and minoritg 4rbitals
strong tendency for like spins to congregate in a cluster. Thiform separate manifolds, with the minority spin states lying,
is particularly clear in Mg, where the minority spins are " an average, P_ugher than the majority spin states. In the AF
grouped together in one-half of the cluster. A similar group-case’ the minority spin electrons on a down atom have the

2 . P . same spin as the majority spin electrons on an up atom.
Qgrﬁsasrc;ckla%%?egegn (Ier;h'\gp\é)vrr:e;et:gitrl]éegtr?rl;o:gérs %'P thThus, the minority and majority levels can couple in AF
cluster 9 9 Susters. This extra coupling pushes the highest antibonding

A simple rationale for th tic behavior of Mn ¢ states up in energy, as shown in Fig. 3, compared to the
SIMpI€ rationale for the magnetc benhavior of vin .Cus'.minority spin manifold in the FM case. This implies greater
ters emerges from the schematic bonding diagrams given 'Binding energy for the AF case. Because the highest anti-

Fig. 3. The positions of the majority and minoritgl&nd 4 bonding states involve mainly the minoritys 4rbitals, the

fencetégy:\l-igégtgsem ?:;Ugfte" Sne.glszcémgsb?gds'g?ng' 4s— 3d electron transfer tends to preserve large moments on
hat d ' ';h tH ; 'tl "y g | (\j/ tl d individual atoms. This also explains why grouping the atoms
what deeper than the minority Spiis ££Vels due 1o a deeper ¢ . q spin together in the AF solutions is favorable. To get

exchange potential. The shaded regions repres_ent the energy, highest antibondingsdlevels possible, a strong coupling
range spanned by the energy levels of tredérived mo- between the minority spinsllevels lying in the upper part of

lecular orbitals. The most bonding states lie near the bottorﬂ1e manifold is required and occurs when like spin atoms
of these regions, while the most antibonding states lie neatgccupy neighboring sites in the clusters

the top. The dashed line represents the position of the minor- In this paper, we have described a transition in the mag-

|t_y spin 3d Ievel_s _that are unoccupied in t_he atoms. _In thISnetic behavior of Mp clusters. By optimizing structural pa-
simple picture, it is as_sumed that thel 8rbitals have little rameters, net spins, and all possible arrangements of atomic
over'lap with other orbitals. N magnetic moments, we find that in clusters witkt 7 FM
Since Fhe 4 Ievels-are f‘%”y OCCUP'?’O' in the Mn atom, all and AF solutions are found to be nearly degenerate, while for
the bqndmg and gnubpndmg levels in quuld be fully larger clusters AF solutions are clearly much lower in energy
occupied |f.the f"'”‘?“ty 8 levels were to lie abpve.the than the best FM state. Our calculations thus provide an un-
shaded regions in Fig. 3. However, since the minority 3 hi0,0us AF interpretation of the small net cluster mo-
levels lie within the shaded region, electron transfer from thqnents observed experimentally for manganese clusters
most antibonding Qderlved_ states to the mlno_rltydi?,states 5,17]. In all the cases, the AF solutions are characterized by
lowers the energy. The baS|c.bond|ng mecham;m in both F large number of nearly degenerate magnetic isomers. Thus,
and AF clus_ters _therefore involves _traqsferr|ng electrons, painstaking search of various isomers is required to deter-
from t_he_antlbondm_g levels to the minority spid3evel.  ine the lowest-energy structure. Finally, we present a
The binding energy is equal to the energy difference betweegjy e picture of the bonding mechanism of these clusters

these levels in thIS. S|mpI|f|ed picture. The situation in they, explains the relative stability of AF spin arrangements
actual DFT calculations is somewhat more complex. For eXz 4 the clustering of like spins in these clusters.

ample, the minority 8 levels move up sharply as they are

occupied due to the Coulomb repulsion among the highly This work was supported by a State of Michigan REF
localizedd electrons, so that, in practice, the highest occu-Grant and by NSF Grant Nos. DMR 9977582 and DMR-RUI
pied molecular orbital§HOMO) have a mixture of @ and  9972333. The authors thank Dr. M. R. Pederson for discus-
4s characters, representing a partial transfer of charge.  sions of our work prior to publication.
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