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The magnetic properties of transition metal clusters are a unique function of their size and differ

from their bulk behavior due to quantum confinement. Here we show that surface modification

provides another channel to tune their magnetic properties. This is demonstrated by taking Mn4
as an example. Although Mn4 carries a giant magnetic moment of 20 mB, the magnetic coupling

can be tuned from ferromagnetic to ferrimagnetic by changing the number of gold atoms coated

on its surface. We found that 26 gold atoms are needed to fully cover a Mn4 cluster. When

partially coated, the system exhibits ferromagnetic coupling with a total magnetic moment

of 18 mB and it becomes ferrimagnetic with a moment of 8 mB when fully coated. This magnetic

cross-over is caused by the shrinking of the Mn–Mn bond length, suggesting that the magnetic

properties of a Mn4 cluster can be tuned by controlling the surface coverage.

Introduction

The properties of transition metals are governed primarily by

their unfilled d orbitals which are localized as compared to

simple metals where the s and p electrons are delocalized.

Thus, the geometry, relative stability, and electronic structure

of transition metal clusters do not follow any simple rule. Due

to their rich magnetic properties, transition metal clusters have

important applications in many fields including magnetic

recording, catalysis, biomedical science, etc. As a matter of

fact, considerable efforts have currently been devoted to

explore the application of transition metal nanostructures in

magnetic resonance imaging contrast enhancement, tissue

repair, immunoassays, detoxification of biological fluid,

hyperthermia, targeted drug delivery and cell separation.1–7

Since nano-particles have the same length scales as those

of tumors, they can provide some attractive possibilities to

treat malignant tumors, where the strategy is to implant a

nanoparticle near a cancer cell that can be heated through near

infrared (NIR) light or an alternating magnetic field, and

the resulting heat can then destroy the tumor cells without

damaging the healthy tissues. In practice, besides being small

in size, a very basic requirement of the nano-particles is that

they have a high magnetic moment. For this reason, magnetic

clusters are attractive since their magnetic moment can be

enhanced due to reduced coordination and dimensionality.

Among the transition metal clusters, Mn4 is of interest. A

Mn atom, due to its half filled 3d and filled 4s shells (3d54s2),

interacts weakly and bulk Mn has the lowest cohesive energy

of any 3d transition metal system. The magnetic moment of

Mn atom is 5 mB and small clusters of Mn containing 3 to

5 atoms couple ferromagentically while bulk Mn is anti-

ferromagnetic. Mn4 carries a giant magnetic moment of

20 mB
8 which is retained even when it is embedded in a rare

gas matrix.9 However, the bare Mn clusters cannot directly be

used for bio-applications, because they are not biocompatible

and not chemical stable, they can easily be oxidized. There-

fore, these clusters need to be functionalized. Gold has been

recognized as the best candidate for coating due to its

bio-compatibility, functionality with various enzymes, chemical

inertness, and flexible geometries.10–16 It is therefore of interest

to study how gold coating affects the magnetic properties of

Mn4 cluster. For example: (1) How many Au atoms are needed

to fully coat a Mn4 cluster? (2) How does Au coating change

the magnetic properties of a Mn4 cluster? Can the giant

magnetic moment be retained after gold coating? (3) How

do the resulting changes depend on the number of coated gold

atoms? In this paper, using density functional theory we have

systematically studied the geometry, electronic structure and

magnetic properties of Mn4 cluster coated with increasing

number of Au atoms, Mn4@Aun (n = 8, 14, 20, 26 and 32).

We have found that the system displays complicated magnetic

behavior when more gold atoms are added. This suggests that

the magnetic properties of Mn clusters can be tuned by surface

modification.

Computational method

The calculations were carried out using density functional

theory and generalized gradient approximation (GGA) for

exchange and correlation with PW91 functional,17 which is

better than LDA for magnetism.18 We used plane wave basis

set with the projector augmented wave (PAW) method19 with

the valence states 5d106s1 for Au and 3p63d54s2 for Mn, as

implemented in the Vienna ab initio simulation package

(VASP).20 We used a supercell approach where Mn4@Au32
and Mn4@Au26 clusters ware placed at the center of a 24 �
24� 24 Å3 cubic cell, while the electronic structure and magnetic

properties of Mn4@Au20, Mn4@Au14, and Mn4@Au8 were
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calculated using 22 � 22 � 22, 21 � 21 � 21 and 20 � 20 �
20 Å3 supercells, respectively. The geometries were optimized

without any symmetry constraint and high precision calculations

with a cutoff energy of 450 eV for the plane-wave basis

were performed. The total energies, electronic structure, and

magnetic moments on each Mn atom were calculated

self-consistently for each possible spin multiplicity ranging

from 1 to 21. In all calculations, self-consistency was achieved

with a tolerance in the total energy of at least 0.3 meV.

Hellman–Feynman force components on each ion in the

supercells were converged to 3 meV Å�1.

Results and conclusions

In Fig. 1 we provide the starting geometries and the corres-

ponding optimized structures of Mn4@Aun (n = 8, 14, 20, 26

and 32) clusters. Note Mn4 has Td symmetry and carries a

giant magnetic moment of 20 mB. This lowest energy spin

configuration is 0.117 eV lower in energy than the next stable

spin state of 10 mB. The change of the relative energies,

calculated with respect to the lowest energy spin configuration

of 20 mB, is plotted in Fig. 2(a) for all the possible spin states.

Its equilibrium Mn–Mn bond length is 2.717 Å. In order to

cover the Mn4 cluster with Au, we first introduced eight Au

atoms, four of them are capped on the triangle surfaces, and

the other four are on the top site of Mn atoms, resulting in an

initial geometry of Mn4@Au8 with Td symmetry, as shown in

Fig. 1(a1). The geometry optimization and a detailed calculation

for different spin multiplicities ranging from 1 to 21 were

carried out. It is found that the lowest energy state with a total

magnetic moment of 18 mB is 0.202 eV lower in energy than the

spin state with a magnetic moment of 20 mB, 0.105 eV lower

than the state with a moment of 10 mB, and 0.644 eV lower

than the antiferromagnetic state (total spin = 0 mB) [see

Fig. 2(b)]. In the lowest energy spin state, the geometry is

totally different from the initial one and the symmetry changes

to C2 from Td [see Fig. 1(a2)]. The smallest Mn–Mn bond

length is 2.973 Å and the average Au–Mn bond length is

2.641 Å. The total magnetic moment of Mn4@Au8 reduces to

18 mB (compared to 20 mB of Mn4) due to the hybridization of

atomic orbitals of Mn and the coated Au atoms. The local

moment on each Mn atom is about 4.00 mB and mainly comes

from Mn 3d orbitals (3.94 mB) with small contribution from

Mn 3p and 4s. The Au atoms are polarized ferromagnetically

with an average magnetic moment of 0.08 mB/Au. The calculated

spin density distribution is plotted in Fig. 3(a), which clearly

shows the ferromagnetic coupling between the Mn atoms and

the ferromagnetic polarization of Au atoms in the Mn4@Au8
cluster. The gold atoms prefer to be close to each other and

leave the Mn sites partially uncovered [see Fig. 1(a2)], indicating

that eight Au atoms are not enough for completely coating the

Mn4 cluster.

We then introduced six more Au atoms to Mn4@Au8 by

placing one Au atom in the center of each Au–Au edge,

generating the Mn4@Au14 cluster with Td symmetry as shown

in Fig. 1(b1). The initial geometry changes to C1 symmetry

after optimization. The lowest energy spin state still carries a

total magnetic moment of 18 mB, which is lower in energy by

0.122 to 1.324 eV than other spin states. For example, the spin

state with a total magnetic moment of 20 mB becomes 1.11 eV

higher in energy than that of 18 mB configuration. The

calculated results are given in Fig. 2(c) and Table 1. We note

that the Mn–Mn and the Au–Mn bond lengths are slightly

enlarged compared to those in the Mn4@Au8 cluster, but Mn

atoms are still partially exposed, suggesting even more Au

atoms are needed to completely cover the Mn4 cluster.

Next, we considered anMn4@Au20 cluster that has six more

Au atoms than the previous case. The initial geometry has T

symmetry [Fig. 1(c1)], which changed to C1 symmetry after

geometry optimization. It is interesting to see that the skeleton

of the coated Au atoms is similar to that of Au20. The spin

states with a total magnetic moment of 16 mB and 18 mB are

energetically degenerate with the former lying about 0.024 eV

Fig. 1 (a1), (b1), (c1), (d1), and (e1) represent starting structures of

the five Au-coated Mn4 clusters. Optimized geometries and their

corresponding symmetries are given in (a2), (b2), (c2), (d2), and (e2),

respectively.
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higher in energy than the latter one. The other spin states are

higher in energy by 0.239 to 0.898 eV than ones above.

Fig. 2(d) shows that the change of relative energy with spin

multiplicity has an oscillating behavior. However, the Mn4
cluster is still not fully covered by the Au atoms.

To fully coat the Mn4 cluster, we further studied

Mn4@Au26. We started with an initial geometry having Td

symmetry, which becomes C3v after optimization [see

Fig. 1(d1) and (d2)]. Now all the Mn atoms in Mn4 cluster

are completely coated. The total magnetic moment in the

lowest energy state, however, is reduced to 8 mB, where one

Mn atom becomes antiferromagnetically coupled with the

others, carrying a magnetic moment of �3.874 mB. This

ferrimagnetic state of Mn4@Au26 is 0.496 and 0.501 eV lower

in energy than the ferromagnetic states with total magnetic

moments of 18 and 20 mB, respectively [see Fig. 2(e)]. The

neighboring Au atoms of Mn are polarized in the same spin

direction as the nearing Mn atoms with an average magnetic

moment of�0.006 and 0.038 mB/Au, respectively. The minimal

Mn–Mn bond length of the antiferromagnetically coupled

Mn pairs is 2.701 Å, which is significantly shorter than the

corresponding values in the Mn4@Aun (n= 8, 14, 20) clusters.

To see if the ferrimagnetic coupling of fully gold coated Mn4
cluster can reverse to ferromagnetic behavior if further gold

atoms are added to the surface we generated a Mn4@Au32
cluster with D2 symmetry by embedding the Mn4 cluster into

the center of an Au32 cage [see Fig. 1(e1)]. The optimized

structure becomes C1 symmetry with a total magnetic moment

of 8 mB, which is 0.128 to 0.964 eV lower in energy than other

spin states [see Fig. 2(f)]. In this lowest energy spin state, we

found, once again, that the cluster is ferrimagnetic with one

Mn atom coupled antiferromgneticlly with the other three Mn

atoms, while the three Mn atoms coupled ferromagneticlly to

each other. The neighboring Au atoms of Mn are weakly

polarized carrying a moment of 0.011 and �0.022 mB,
accordingly, which is visualized by the spin density distributions

in Fig. 3(b). We noted that although Mn4@Au26 and

Mn4@Au32 are different in size and geometry they share the

common magnetic properties; they are both ferrimagnetic with

a total magnetic moment of 8 mB.
The main results of our calculations are summarized in

Table 1, from which the following conclusions can be drawn:

(1) As more Au atoms are coated to the Mn4 surface, the

HOMO–LUMO gap decreases. (2) In the partially coated

Mn4@Aun (n = 8, 14, 20) clusters the Mn–Mn bond length

is elongated and the ferromagnetic coupling between Mn

atoms is retained, as compared to those of the uncoated

Mn4 cluster. When fully coated the Mn–Mn bond length in

Mn4@Aun (n = 26, 32) clusters shrink, and the magnetic

coupling becomes ferrimagnetic. It has been established that

the magnetic couplings between Mn atoms are sensitive

Fig. 2 Relative energies of different magnetic configurations of (a)

Mn4, (b) Mn4@Au8 (b) Mn4@Au14, (b) Mn4@Au20, (b) Mn4@Au26
and Mn4@Au32 clusters measured with respect to their respective

lowest energy spin configuration.

Table 1 The HOMO–LUMO gaps Dgap (in eV), the minimal Mn–Mn bond length dMn–Mn and the average Au–Mn bond lengths dAu–Mn (in Å),
the total magnetic moment Mtotal and the local magnetic moment Mi (in mB) on each Mn atom, and the induced moment on Au atoms (in mB/Au)
for the lowest energy magnetic configuration of each cluster given in Fig. 1

Clusters Dgap dMn–Mn dAu–Mn Mtotal M1 M2 M3 M4 MAu

Mn4 0.574 2.717 — 20 5.0 5.0 5.0 5.0 —
Mn4@Au8 0.309 2.973 2.641 18 3.996 4.025 3.996 4.024 0.080
Mn4@Au14 0.256 3.034 2.687 18 4.012 3.991 3.990 3.990 0.056
Mn4@Au20 0.140 3.310 2.685 18 4.001 4.014 3.998 4.013 0.052
Mn4@Au26 0.138 2.701 2.687 8 3.802 �3.874 3.702 3.804 0.038–0.006
Mn4@Au32 0.129 2.710 2.701 8 4.038 �4.016 3.996 3.954 0.011–0.022

Fig. 3 Spin density isosurface at the isovalue of 0.22 e Å�3 for the

ferromagnetic Mn4@Au8 (a) and the ferrimagnetic Mn4@Au32 (b).

The purple is for spin-up and the green is for spin-down states.
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to their distance.21–23 For example, in orthorhombic and

monoclinic-layered LiMnO2, when the Mn–Mn distance

changes from 2.82 to 2.79 Å, the coupling changes from the

ferromagnetic phase to the antiferromagnetic phase.21

Theoretically, Hobbs and co-workers22 studied the distance

dependence of the exchange pair-interactions in a Heisenberg-

like model for bulkMn, and they found that antiferromagnetic

coupling is favored at short interatomic distances, which

switches to ferromagnetic coupling at larger bond lengths. It

is this sensitivity of magnetic coupling to the Mn–Mn bond

distance that makes Mn bulk displaying very complicated

magnetic structures ranging from nonmagnetic, to antiferro-

magnetic, low spin ferrimagnetic, and high spin ferromagnetic

phases.22,23 Here we have shown that surface coating provides

another way to achieve the same purpose, namely tune the

magnetic coupling in Mn clusters by changing the bond length.

(3) Mn atom polarizes ferromagnetically its neighboring Au

atoms. In the partially coated clusters, due to the ferro-

magnetic coupling among Mn atoms, all the polarized Au

atoms have the same spin orientation, while for the fully

coated ones, the ferrimagnetically coupled Mn atoms also

induce the moments on Au atoms, but with different spin

orientations due to the ferromagnetic polarization of Au

atoms. (4) We note that full coating can easily result in

ferrimagnetism in Mn4@Aun clusters, and their total magnetic

moments are reduced considerably.
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