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A variety of intriguing magnetic properties have been uncovered
in transition-metal (TM) clusters with fewer than∼102 atoms.1 For
example, enhanced magnetic moments have been observed in small
clusters of iron.1a Ferromagnetic or ferrimagnetic ordering has been
detected in clusters of rhodium, chromium, and manganese,
although these elements are nonmagnetic or antiferromagnetic in
bulk quantities.1c,2 Magnetic features have also been explored in
bimetallic clusters.3-6 A particularly interesting case is that of small
core/shell systems built of elements that exhibit different magnetic
features in the regime of small sizes.7-10 In this Communication
we report a novel gold-coated icosahedral TM cluster [Mn13@Au20]-

with a magnetic moment predicted to bean order of magnitude
higher than that of the bare (core) Mn13

-.
We consider an idealized gold coating in the form of an

icosahedral Au20 cage whose structure is similar to that of the
icosahedral C20 fullerene. Because of the strong relativistic effect,
small gold clusters exhibit structures and properties11-14 that are
dramatically different from those of other coinage metal (e.g.,
copper14) clusters. It is interesting that whereas theIh hollow cage
structure of Au12

- as well as its neutral counterpart is unstable, the
icosahedral core/shell clusters [M@Au12]-, M ) Ta, W, Mo, V,
Nb, are highly stable.9 The Ih Au12 cage can host one endohedral
atom only. TheIh Au20 cage is larger and can accommodate a small
cluster. In similarity to theIh Au12 cage, the bareIh Au20 cage is
unstable. By putting a highly stable TM cluster, such as theIh Co13

-

or Mn13
- into it, one can stabilize the gold cage as well.

The calculations are carried out using density functional theory
(DFT) with the Perdew, Burke, and Ernzerhof (PBE) functional.15

Scalar relativistic pseudopotentials and double numerical (DND)
basis sets that includedd polarization functions, as implemented
in the DMol3 package,16 are employed. The accuracy of the
methodology is examined by first computing the properties of
neutral Co13 and Mn13. For Co13, the lowest-energy spin (more
precisely, Sz) states are 29 and 31µB. They correspond toIh

structures and are essentially degenerate. Both are consistent with
the experimental estimate of more than 2.0µB/atom.17 For Mn13,
the lowest-energy structure is a distorted icosahedron (C5V) with a
total Sz value of 3µB. These results are consistent with those of
earlier experimental2 and theoretical18 studies. In the latter study,
Jackson and co-workers18 have examined all possible 4096 inde-
pendent arrangements of the atomic spin for Mn13. The consistency
in the determination of the lowest-energy spin state for Mn13 from
two different theoretical approaches is very encouraging.

The search for the lowest-energy states of the bare Mn13
- and

Co13
- and gold-coated [Mn13@Au20]- and [Co13@Au20]- are

performed over broad ranges ofSz values. Thus, for Mn13
- and

[Mn13@Au20]- we considered all values from 2 to 64µB, and for
Co13

- and [Co13@Au20]-, we considered all values from 2 to 38
µB. We found that the optimized geometries of the clusters are very
close to theIh structure (within 0.06 Å tolerance). Hence, the
computation for different spin states were performed imposing the
Ih symmetry to reduce the computational effort. Taking into account
that the Mn bulk phase is antiferromagnetic, symmetry-broken
implementations (which correspond to antiparallel ordering of the
atomic spin) were also considered for Mn13

- and [Mn13@Au20]-

with Sz ) 2-52 µB. The stability of the lowest energy structures/
states obtained was confirmed through the normal-mode analysis.
The optimized geometry of the [TM13@Au20]-, TM ) Mn and Co,
clusters is depicted in Figure 1. The relative energies of the different
spin-multiplicity states of the bare and gold-coated Mn13

- and Co13
-

are shown in Figure 2. The HOMO-LUMO gap, nearest-neighbor
distances, and local atomicSz values for the most stable states of
the clusters are presented in Table 1. Additional data on the total
energies, relative energies, binding energies, and HOMO-LUMO
gaps of the different spin states of the clusters are presented in
Supporting Information (Tables S1-S4).
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Figure 1. Optimized geometry of [TM13@Au20]-, TM ) Mn and Co. Blue
represents the TM core, while yellow depicts the gold shell.

Figure 2. Energies of TM13
- and [TM13@Au20]-, TM ) Mn and Co, in

different spin states referred to the respective lowest-energy states.
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The lowest energy configuration of [Mn13@Au20]- is a slightly
distorted icosahedral structure (C5V) with a very large totalSz of 44
µB. The magnetic ordering is in a ferrimagnetic arrangement of
which 1 surface Mn atom is antiparallel to the rest 11 ones with
the atomic spins of-3.877 and 3.949µB, and the core atom
possesses the local moment of 2.679µB. The low spin state with
the totalSz of 2 µB is found to be only 0.071 eV higher in energy.
More high spin states such as the totalSz of 36, 42, 52, and 54µB

are found as deep minima with 0.133, 0.182, 0.253, and 0.277 eV
higher in energy than the ground state. For the case ofSz ) 2 µB,
six surface Mn atoms are antiparallel to the rest six ones with the
atomic moment of 3.927 and-4.104 µB, respectively. The core
Mn atom possesses a moment of 3.066µB. As for the case ofSz )
36 µB, two symmetric apex Mn atoms are antiparallel (-3.770µB)
to the rest Mn atoms (3.981µB for the surface atoms and 2.575µB

for the core atom). All the Mn atoms are parallel and the local
moments of Mn atom are around 4.0µB in the case ofSz ) 52 and
54µB. In contrast, the bare Mn13

- favors a ferrimagnetic ordering18

of the local atomic spins with a net total value of 2µB (cf. Table
1). The lowest ferromagnetic state of Mn13

- is with a totalSz of 52
µB, and its energy is 2.980 eV higher above the ground state.

Whereas the geometric configuration of [Co13@Au20]- is similar
to that of [Mn13@Au20]-, its magnetic behavior is very different.
Its preferred totalSz value is 20µB, 33% lower than the optimal
value (30µB) for the bare Co13

-. Interestingly, the Co atoms are
ferromagnetically ordered in both the bare and the gold-coated
Co13

-, although the atomicSz in the bare cluster are quite a bit
larger (2.35 vs 1.61µB for surface atoms and 1.83 vs 1.85µB for
the core atom). A further reduction of the totalSz of [Co13@Au20]-

is caused by the antiparallel ordering of the moments of all the Au
atoms (0.057µB per Au) with respect to the moments of the Co
atoms (cf. Table 1).

The differences in the magnetic properties of [Mn13@Au20]- and
[Co13@Au20]- may reflect the differences in the relative magnitudes
of their interatomic distances. The data in Table 1 indicate that in
[Mn13@Au20]- the element-specific nearest-neighbor distancesR
follow the orderR(surf-surf Mn)> R(surf-core Mn)> R(surf Mn-
Au), whereas in [Co13@Au20]- this order is reversed,R(surf-surf
Co)< R(surf-core Co)< R(surf Co-Au). The Mn-Mn bond length
in [Mn13@Au20]- is by∼9% larger than in the bare Mn13

-. Previous
DFT studies indicated that reduction in the bond lengths leads to a
transition from ferromagnetic to antiferromagnetic ordering in small
iron clusters.18 For [Co13@Au20]-, the bond length of Co-Co is
nearly the same as that in the bare Co13

-. A possible reason for the
decrease of magnetic moment in [Co13@Au20]- is that the gold
cage has an attenuation effect on the magnetism of highly magnetic
clusters. We speculate that a similar decrease might occur in the
core/shell Fe13@Au20. In fact, in a previous study of Co-Cu
bimetallic clusters, we have observed similar attenuated magnetic
behavior in Co7Cu11 with the pentagonal bipyramid Co7 surrounded
by 11 Cu atoms.19

In summary, we have presented results of DFT computations
which show that coating magnetic clusters with gold can both
enhance (as in the case of [Mn13@Au20]-) and attenuate (as in the
case of [Co13@Au20]-) the net magnetic moment of the clusters.

The degree of magnetic enhancement for [Mn13@Au20]- (44 µB)
as well as the cluster’s bistability at both low (2µB) and high (44
µB) spin states suggests that the gold-coated manganese clusters
may be good prototype systems for nanomagnetism applications.
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Table 1. The Total Magnetic Moment (S2), the HOMO-LUMO Gap (∆), the Bond Length (R in Å), Local Magnetic Moment (S in µB) on
Each Atom of the Most Stable Structure of TM13

- and [TM13@Au20]-, TM ) Mn and Co (See the Text for Details)

system Sz (µB) ∆ (eV) RTM (surfssurf) RTM (surf−core) RAu-TM(surf) RAu-TM (core) RAusAu STM (surf) STM (core) SAu

Mn13
- 2 0.215 2.619 2.489 3.892,-4.109 1.212

[Mn13@Au20]- 44 0.248 2.847 2.706 2.611 4.441 2.973 3.949,-3.877 2.679 0.088
Co13

- 30 0.025 2.321 2.441 2.347 1.834
[Co13@Au20]- 20 0.338 2.363 2.486 2.606 4.291 2.892 1.607 1.848 -0.057
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