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The structures and magnetic properties of Mn clusters containing 13, 15, 19, and 23 atoms have been
predicted fromab initio electronic structure calculations. The lowest energy structures of the 13-, 19-, and
23-atom clusters are icosahedral and have ordered spin configurations in which blocks of ferromagnetically
coupled spins are antiferromagnetically coupled with each other. The 15-atom cluster is body-centered cubic
with antiferromagnetic coupling. The net moments are small and lie in the range of Qu2+&tdm; however,
the average local atomic moments have high values closg o #hese results are discussed in light of recent
Stern-Gerlach experiments.
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The study of the evolution of magnetic behavior from Mn,,. These small net moments arise out of antiferromag-
atoms to the bulk is important for the development of magnetic or a combination of ferromagnetic and antiferromag-
netic nanomaterials. The occurrence of noncrystallographinetic couplings between spins in the well-ordered ferrimag-
structures in small clusters could provide avenues for magnetic clusters. The average local moments on each atom are
netic phenomena. While several studies have been'dame high, however, with values of aboutu .
clusters of ferromagnetic materials and the occurrence of We used a planewave method employing ultrasoft
magnetism in clusters of nonmagnetic elements, Mn offers @seudopotentiafsand the generalized gradient approxima-
wide range of magnetic properties to excite and challengeon for the exchange-correlation potenfialhe 3d and 4s
theorists and experimentalists alike. The most stable bullgrbitals were treated as valence states. Clusters were posi-
form is a-Mn, with a complicated geometric structure, a low tioned in a cubic supercell with an edge of 15 A, and peri-
magnetic moment of aboutulz per atom, and antiferromag- odic boundary conditions were imposed. The cutoff energy
netic behavior that can be explained by spin wavemw-  for the plane waves was set to 283.9 e¥ 41 Ry), and
ever, small clusters (MpaMng) are ferromagnetic, with high reciprocal space integrations were carried out atlthmoint.
moments of 4-&g/atom®* Finally, the dimer is weakly ~Structural optimizations were performed using quasi-
bound, and while recent density functional calculations showNewton-Raphson and conjugate gradient methods. Structural
ferromagnetic behavidr® there is still some question as to optimizations were deemed sufficiently converged when the
whether the coupling is actually ferromagnetic or forces were about 1 meV/A. This level of precision correctly
antiferromagnetic. reproducelthe ferromagnetic state of the manganese dimer

With increasing cluster size, the spin configuration shouldearlier obtained with a similar exchange-correlation func-
change from ferromagnetic for small clusters towards bulkional.
behavior, but the intermediate structures are not yet under- Determination of the low lying spin configurations was a
stood. Elucidation of the magnetic behavior in Mn clusters ofdelicate task, as many spin isomers could lie close in energy.
intermediate size could lead to species with magnetic propwe used a variety of methods to find the lowest energy mag-
erties. The 423d° configuration of the Mn atom leads to netic configurations, including freezing the net magnetic mo-
weak bonding and high magnetic moments in small clustersment of the cluster and specifying the initial magnetic mo-
As the size increases, there should be a delocalization of bothents on each atom followed by unrestricted optimization.
the s andd electrons, leading to metallization of the clustersWhile most initial configurations were ferrimagnetic, some
as well as lowering of the magnetic moments. were purely ferromagnetic. Both symmetric and asymmetric

A recent Stern-Gerlach experiment by KnickelSeon spin arrangements were considered. Noncollinear magnetic
Mn-Mngg suggested magnetic behavior that differs fromordering, however, was not permitted. In all, about 50 geo-
either the bulk or the smaller clusters. Key results includemetric and spin combinations were calculated for each clus-
relatively small magnetic moments of 0.3—1.4.g/atom ter size. The local magnetic moments were determined by
with notable local minima at Mg and Mngand maxima at integrating the spin density over Voronoi cells, which we
Mn;5 and Mnp;-Mn,s. The clusters were assumed to be su-refer to as “integrated spin densities” to avoid confusion
perparamagnetic with ferromagnetic coupling between spinsvith LCAO-type local moments. The thermally averaged net
Icosahedral structures were suggested for the 13- and 1®oment was calculated from ()t
atom clusters. =3, uje Ei'keT/s e Ei’keT whereu; is the net moment for

With the aim of understanding the above experimentaisomeri, E; the total energykg the Boltzmann constant, and
results, we have performed first-principles calculations fofT the temperature.
clusters containing 13, 15, 19, and 23 atoms. Our results In addition to the icosahedral structures for each cluster
confirm the small net moments per atom observed in experisize, we also considered decahedral, cuboctahedral, and hex-
ment as well as icosahedral structures for both;/end  agonal close-packed structures for Mnhexagonal and bcc
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FIG. 1. (Color) Lowest energy structures for
each cluster size. Icosahedral Mis also shown
for comparison. The relative spin alignments are
marked, with dark blue indicating spin up and
light pink spin down. The local moments, how-
ever, have differing values. See the text and Table
| for details.
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for Mn,5, and decahedral and cuboctahedral for,MrFor ~ with one ring and antiferromagnetically coupled with the
Mny3, the decahedral and cuboctahedral structures trangther. This leads to a net magnetic moment of oniys3 We
formed into icosahedral structures, while the hexagonal closghould note that the low moment is in disagreement with an
packed structure was a local minimum. Similarly for [yn  earlier calculatiort? in which a moment of 3@ was found.
the decahedral structure transformed into a doublddowever, our binding energy is slightly higher, suggesting
icosahedror® Figure 1 shows the lowest energy geometrythat our results show at least a deeper local minimum. Simi-
and spin configuration for each cluster size. The icosahedrdr spin structures can be seen for and Mny;, where the
structures were found to have the lowest energies, except f@pins on the central atoms are antiferromagnetically coupled
the case of My, where the bcc was lower than the icosa-with those on the upper and lower atoms in the clusters. The
hedral by 0.28 eV. This icosahedral growth sequence for thground state structures of these clusters have magnetic mo-
13-, 19- and 23-atom clusters has also been seen in clustarents of 23 and 21z, respectively. The lowest energy
of divalent metals such as B&ef. 11 and Sr'? which ex-  icosahedral isomer of Mg also has a spin configuration
hibit nonmetal to metal transitions with increasing size. Thesimilar to Mn;5. The spins on both of the face capping atoms
calculated binding energy increases with increasing clustecouple ferromagnetically to one ring and antiferromagneti-
size, and has values of 1.84, 1.89, 2.01, and 2.11 eV, focally to the otherFig. 1). The net moment is 85 . For the
Mnyz, Mngs, Mnyg, and Mnps, respectively. The maximum bcc isomer Mns, which is the ground state structure, the
value is about 70% of the bulk. spins on the central and face-centered atoms are antiferro-
The average bond lengths were calculated by assumingaagnetically coupled with those on the corners, resulting in
cutoff of 3 A. Based on this criterion, the averages for thea net moment of only 3.
four cluster sizes vary from 2.62 to 2.65 A. This is in line  Looking at the results for the icosahedral structures, it
with average bond lengths of 2.62—2.73 A for MMing cal-  appears that ferromagnetic coupling within the five-
culated at the GGA levélFor the icosahedral structures, the membered rings is energetically favored, as is fivefold rota-
shortest bond lengths occur for the central atoms bondingonal symmetry for Mp; and Mng and reflection symmetry
between either themselves or with the top and bottom capfor Mn,g and Mnp;. Both high symmetry and ferromagnetic
ping atoms(Fig. 1). The shortest bond length for Mgiis  coupling within the five-membered rings cannot be obtained
2.41 A, and for icosahedral Mait is 2.36 A, both longer  for Mn;5, however. Therefore it seems that the more sym-
than the bulk value of 2.24 A. For bcc MYy the shortest metric bee structure, where nearest neighbor antiferromag-
bonds(2.41 A) occur between the central atom and its eightnetic interactions result in ferromagnetic planes with antifer-
corner neighbors. For Mg and Mrny3, they are respectively romagnetic coupling between, becomes more favorable.
2.25 and 2.29 A, which is close to the shortest bulk value.  Integrated spin densities are listed in Table I. For all the
The lowest energy structure of each cluster is ferrimagelusters, the highest coordinated atoftise central atoms
netic (Fig. 1). For Mny3, there is ferromagnetic coupling have the lowest moments, while the surface atoms have the
within each five-membered ring as well as between each ringighest. Also, as expected from Pauli repulsion, we find that
and its nearest neighbor cap. There is, however, antiferrahe ferromagnetically aligned large moments are associated
magnetic coupling between the rings. Additionally, thewith longer bond lengths than those that are antiferromag-
highly coordinated central atom is ferromagnetically couplednetically aligned. In general the mean value of the integrated
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TABLE I. Net magnetic moment per atom and absolute valuesof the lowest energy clusters shows a minimum in the DOS
of the integrated spin densities g : minimum value, maximum
value, and average.

|/L|max

at the Fermi energy, the curvatures are all positive. This in-
dicates that each of the clusters is stable with respect to small
perturbations in geometry and magnetic configuration. For

Potneory B10M  fronexe/A1ONT || mi |ulae  the smaller clusters, the curvatures in the DOS are relatively
Mny3 0.23 0.56-0.13 2.17 424 3.91 large. The corresponding differences between the lowest and
Mnispee 0.20 1.46:0.07 322 437 411 second lowest energy spin structures are 0.15 and 0.13 eV,
MnNysico 0.60 1.40-0.07 095 451 3.81 respectively, for Mp; and Mns. Mn;g and Mns have
Mnyg 1.21 0.43-0.10 2.19 4.03 3.77 smaller curvatures in their DOS, suggesting that less energy
Mns 0.91 1.23-0.06 0.04 435 3.42 would be required for excitation to another spin state. This is

seen in the small energy differenc&06 and 0.05 eV, re-
spectively between spin isomers.

Projection of the local density of statdsDOS) into its s,
atomic spin densities decreases with increasing cluster sizp, andd components produces interesting site-dependent re-
The exception is bcc Mg, where the geometrical structure sults. The central, lower ring, and lower atoms in the lowest
and spin configurations are quite different from the icosaheenergy Mn; isomer are shown as an example in Fig. 3. We
dral clusters. The increase in the average spin density in thishould note that the and p components are significantly
case is due to the lower coordination of atoms in the bcainderrepresented due to expansion of the wave function into
structure. The trend of a decrease in the magnetic momemingular momentum components in an atomic sphere with a
per atom with increasing cluster size is also in agreementadius of 1.3 A. However, thel-projected LDOS are of
with results from calculations on the smaller ferromagneticgreatest interest here, and our method represents the gross
clusters Mp-Mng (Ref. 3 as well as the small moment of trends properly. Theal-projected LDOS for the lower ring
~1ug/atom in the bulk. and lower atoms are similar in that for each the peaks of the

Examination of the total density of statd809) for the  LDOS are rather localized and the majority spin is nearly
lowest energy structure of each systéfig. 2) points to the fully occupied. The LDOS is quite low below the Fermi
relative stabilities of the different sized clusters. While noneenergy for the minority spin. This is in agreement with the

8Reference 6.
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FIG. 2. (Color) Gaussian-broadendtalf-width = 0.1 eV) densities of states for the lowest energy clusters. The spin up, spin down, and
total density of states per atom are represented by the blue, green, and red lines, respectively. The gray vertical dashed lines indicate the
Fermi energies.
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FIG. 3. (Color Gaussian-
broadenedhalf-width = 0.1 eV)
partial densities of states for three
representative atoms in the lowest
L energy Mn; cluster. Thes, p, and

I', d partial densities are represented
;/ 1 | L by the blue, green, and red lines,
{ i x\ respectively. The grey vertical
dashed lines indicate the Fermi
energy.
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relatively large moments on the lower ring and lower atomsor Mn;o and Mn,;. More than one energy is shown for
(4.2 and 3.g, respectively. On the other hand, the some moments, which is due to different spin configurations
d-projected LDOS for the central atom is rather broad forhaving the same total spin. This points to the delicacy of
both the majority and minority spin states. The broadeningalculations in systems having antiferromagnetic coupling
occurs due to the high coordination of the central atom, andetween spins on different atoms, where there is a drastic
reflects the tendency towards metallic behavior. This tenincrease in the number of potential spin configurations for
dency is also seen in the shorter bond lengths and smallany net magnetic moment. It is found that more ordered spin
magnetic moment (2.1/z). The beginning of metallic be- arrangements are favored over the less ordered ones. Many
havior is also seen from the small gaps between the highesff the less ordered icosahedral structures we explored have
occupied and lowest unoccupied molecular orbi(l®MO-  large ferromagnetic domains that are antiferromagnetically
LUMO) gaps for all of the clusters, which range from 0.09 tocoupled to smaller domains. The interplay between domain
0.16 eV for the ground state structures. size, degree of antiferromagnetic coupling, and symmetry
The energies of the low lying isomers as a function of theappear to be maximized for the lowest energy structures. The
magnetic moment relative to the ground state are shown isecond lowest energy structures for both ;yand Mn;
Fig. 4. Most of the lowest energy configurations are clusterethave the same basic spin arrangements as the ground state,
near the minima, and there are several spin isomers lyingut slightly different moments per atom. This demonstrates
close in energy. The general trend is towards lower net maghe stability of the ferromagnetic coupling within the rings
netic moments for Mgy and Mns and higher net moments and antiferromagnetic coupling between them.
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0.6 5 to experiment, Mps and Mnyg disagree. In the latter two
. - cases, the theoretical magnetic moments respectively repre-
04y ® - L. sent a local minimum andgmaximum, but expeprimenta>llly trF\)e
02 . .- = opposite holds. Because there are so many spin configura-
. Tmu o tions close in energy, we cannot rule out the possibility that
> 0.0 Mny3 . Mn;s we have not found the lowest energy §pin configuration for
= each cluster, or that another structural isomer is the true glo-
=206 bal minimum. Moreover, due to the icosahedral growth for
S -, - smaller clusters, it is possible that bcc clusters are not fa-
0.4 "“ . ] " vored in actual experimental growth conditions. The net mo-
. ment per atom for My, would then increase to 0.6, but
0.2 ' " . this is still smaller than the experimental value of 1u40
. " . " There is a consistency in the theoretical spin configurations,
0.0 = Mnp = Mny however, in that the larger-sized icosahedral clusters natu-

0 10 20 30 400 10 20 30 40
Magnetic Moment (ug)

rally follow the pattern initiated with Myy. Another possible
explanation for the discrepancy between theory and experi-
_ _ ment is that noncollinear spin effects may be important, as
F!G. 4. Energy as a function of magnetic moment for _each clushas been shown for small chromium clust®3his should
ter size. For the 13-, 19-, and 23-atom clusters, only the icosahedrgle consjdered in future calculations. Also, the assumption in
structures are included, whereas the energies of the low lying b%e Stern-Gerlach experiment was for ferromagnetically
isomers are also shown for Mn aligned superparamagnetic clusterSince this is not the
case, we must consider if the experimental data should be

Interestingly, the second lowest energy configuration fo i . :
gy 9y g reinterpreted for ferrimagnetic behavior.

Mn,s is also bcce, but with slightly shorter bond lengths, | lusi h wudied th i q )
lower moments on the central and corner atoms, and higher N conclusion, we have studied the geometric and mag
moments on the face-centered atoms. This illustrates th@etIC properties of Mn clusters with 13, 15, 19, and 23 gtoms.
challenge in dealing with such complicated systems, in that i{cosahedral structures are favored for and Mn, while

is difficult to absolutely guarantee that we have reached thIahe bee structure s favored for M The magnetic behavior

true minima in our calculations. However, a large samplingOf the clusters is ferrimagnetic, and the spin configurations

as well as the occurrence of ordered spin configurations th&t'® qun'e well qrdered. The clu§te_rs were shown to exhibit
are of lowest energy lend support to our results. magnetic ordering that is qualitatively different from that

In spite of the small energy differences between spin ispSeen in the antiferromagnetic bulk and smaller ferromagnetic

mers, the temperature dependence of the net magnetic mglusters in that there are well-defined ferromagnetic domains
ment, is expected to be rather weak, and only the Iowes‘i"c a few atoms that are antiferromagnetically coupled to-
energy isomer will dominantly contribute at the temperaturegethe,r' Our rgsults conflrm thg lOW. ne;t mome”ts ber "?‘t.om
of 68 K used by Knickelbeifi.A similar weak temperature seen in experiment. An interesting finding is the competition

dependence was obtained for;pPdwhich has a ferromag- betvI\:jeclasn Ztrtucggfrfal antd :ipmtorderflng, as se&n 'quiﬁh'Sth t
netic ground state and much lower local moméftSeveral ~ 0Uld '€ad to difierent structures for some Mn Clusters tha

closely lying spin configurations were also found for icosa-May not follow icosahedral growth due to the lack of higher

hedral Pds (Ref. 15 around the ground state, similar to what symmetry spin alignment. This aspect of magnetic clusters
we have obtained for Mg and Mnys. should be further explored.
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