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A systematic ab initio study of the structures and magnetic properties of Mo4−xFex clusters �x=1–3� is
reported. The linear structure of Mo4 remains stable upon substitutional doping by one and even two Fe atoms,
above which a transition to the tetrahedral geometry of pure Fe4 takes place. The cluster Mo2Fe2 is particularly
interesting since, among the rich variety of isomers of different dimensionalities and magnetic orders, its
ground state and first-excited state essentially differ in the magnetic coupling between the two Fe atoms across
a tightly bound Mo dimer. The equivalent to the interlayer exchange coupling observed in sandwiches and
multilayers is determined in this molecular magnet, whose electronic structure makes it a good candidate to be
used either as a field sensor or as a spin valve in molecular spintronics.
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I. INTRODUCTION

One of the questions of major technological interest at
present is the production and control of molecular magnets to
be used in nanodevices for molecular spintronics.1,2 Quan-
tum confinement effects produced at the nanoscale level are
expected to open new possibilities beyond those already
achieved in the last two decades when, for instance, the in-
terlayer exchange coupling �IEC� �Refs. 3 and 4� and the
giant magnetoresistance �GMR� �Refs. 5 and 6� were discov-
ered in extended systems such as superlattices and multilay-
ers. In this context, new prospects are expected for improv-
ing the performance of the magnetoresistive read heads in
magnetic recording and storage devices.

The magnetic properties of free one-component clusters
of transition-metal �TM� atoms have been widely investi-
gated by experimental and theoretical methods. Free atomic
clusters have been produced by pulsed laser vaporization,
among other methods, and their magnetic moments have
been determined by Stern-Gerlach-type deflection
experiments.7,8 Most theoretical investigations have been
performed using the tight-binding method �see, e.g., Ref. 9�
or ab initio methods based on density-functional theory
�DFT� with different implementations �all electron or
pseudopotentials, plane waves or pseudoatomic orbitals, dif-
ferent approximations for the exchange and correlation, etc.�.
In contrast, the magnetic properties of binary clusters of TM
atoms, which are the nanometric equivalent to bulk alloys,
have received less attention, although a significant number of
studies have recently been performed.10–12 Binary clusters of
TM atoms are of special interest not only for theoretical rea-
sons but also for their possible application as magnetic re-
cording media. The main theoretical difficulty to deal with
this kind of cluster relies on the fact that TM atoms include
both relatively localized d electrons and relatively delocal-

ized sp electrons. For binary clusters of TM atoms one can
follow a similar strategy as in the case of magnetic multilay-
ered systems or bulk alloys, trying to take advantage of the
magnetic properties of the selected constituent elements to-
gether with the cooperative effects, in order to find custom-
ized molecular magnets with interesting behaviors.

Cr and Mo are unique among the TMs. Their half-filled
electronic configurations result in strong d-d bonding in the
dimers with exceptional short bonds �1.68 Å for Cr2 and
1.93 Å for Mo2,13 while the bulk interatomic distances are
2.50 and 2.73 Å, respectively�. The exceptionally strong d-d
interactions in the dimers dictates the growth and structures
of small Cr and Mo clusters, which have been studied by
DFT methods �see, e.g., Refs. 14–18�. In particular, for Mon
clusters �n=2–13�, recent calculations using the SIESTA

code19 with the generalized gradient approximation �GGA�
have shown that linear �one-dimensional �1D��, planar �two-
dimensional �2D��, and three-dimensional �3D� clusters have
a strong tendency to form dimers.18 In general, even-
numbered Mo clusters are more stable than their neighboring
odd-numbered clusters because they can accommodate an
integer number of tightly bound dimers. As a consequence,
the binding energies of Mo clusters exhibit, in their lowest-
energy states, an odd-even effect in all dimensionalities, and
the even-numbered Mo clusters have quenched magnetic
moments.18

In the present work we have performed a systematic study
of the effect of substitutional doping a 1D Mo cluster such as
Mo4, which has two tightly bound dimers, by Fe atoms
which are expected to have large magnetic moments and
parallel magnetic coupling when placed at nearest-neighbor
positions. Since Fe4 has a tetrahedral 3D ground-state
geometry,16 an 1D-3D structural transition is expected in
Mo4−xFex clusters when x is increased, i.e., when Mo4 is
doped by a sufficient number of Fe atoms. We will show here
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that among the rich variety of isomers of different dimen-
sionalities and magnetic orders of Mo2Fe2, the linear cluster
is particularly interesting as regards the magnetic couplings
between the two Fe atoms across a Mo dimer which acts as a
spacer, like in magnetic multilayers in which the IEC can be
determined and related with magnetoresistance �MR� effects.
The electronic structure of this cluster makes it a candidate to
be used either as a field sensor or as a spin valve in molecu-
lar spintronics.

The essential technical details of the computations per-
formed in this paper are described below in Sec. II. In Sec.
III we present and discuss our results and in Sec. IV we
summarize our main conclusions.

II. DETAILS OF THE COMPUTATIONAL PROCEDURE

Our calculations were performed using the ab initio DFT-
based code SIESTA,19 with the additional noncollinear �NCL�
GGA implementation by García-Suárez et al.20 �the GGA
functional as parameterized by Perdew et al.21�. The atomic
cores were replaced by nonlocal norm-conserving
pseudopotentials.22 We included nonlinear core corrections
to account for the significant overlap of the semicore and
valence d states. Valence states were described by triple �
doubly polarized basis sets. The clusters were placed in cubic
boxes with a lateral size of 20 Å, which are big enough to
have negligible electric fields at their edges. We used an
energy cutoff of 200 Ry to describe the finite real-space grid
for numerical calculations involving the electron density. Us-
ing a conjugate gradient method, the atomic and electronic
degrees of freedom of the clusters were allowed to relax
simultaneously and self-consistently until interatomic forces
were smaller than 0.001 eV /Å. As starting geometries we
used all possibilities for a four-atoms cluster, and as starting
magnetic structures the possible collinear inputs of ferromag-
netic �FM� and antiferromagnetic �AFM� types, as well as
NCL configurations. The forces on ions were computed us-
ing a variant of the Hellmann-Feynman theorem that in-
cludes Pulay-type corrections to take into account the fact
that the basis sets are not complete and move with the
atoms.19 The spin-orbit interactions were not taken into ac-
count in our calculations because they have little influence
on the magnetic properties of 3d and 4d TM clusters.23

III. RESULTS

Figure 1 shows the lowest-energy isomers of Mo3Fe that
were identified in our calculations using SIESTA-GGA, with
their relative energies and total and atomic magnetic mo-
ments, � and �at. The corresponding bond lengths dij are
listed in Table I. All the isomers of Mo3Fe have collinear
�CL� magnetic order. The most stable isomer, which has a 1D
structure and FM order, is formed by a Mo and an Fe atom
separated by a Mo dimer with quenched magnetic moment.
This is due to the pairing of the d electrons so that only the
s electrons contribute to its magnetic moment. The other Mo
atom has a large magnetic moment close to its saturation,
which is produced by nearly 5 unpaired d electrons and some
s contribution. The Fe atom of the most stable Mo3Fe isomer

has a large magnetic moment mainly due to the d electrons
and the total magnetic moment of this isomer is 8�B. The
next most stable isomer, nearly degenerated with the ground
state �the difference in energy is only 2 meV�, is a spin

FIG. 1. Predicted lowest-energy isomers of Mo3Fe with their
relative energies and absolute values of the total and atomic mag-
netic moments. Dark gray spheres represent Fe atoms and light gray
spheres represent Mo atoms. The arrows indicate the directions and
magnitudes of the atomic magnetic moments �some Mo magnetic
moments are 0 or very small to be appreciated in the figure�. Num-
bers on atoms are used to refer to these atoms in Table I.
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isomer with AFM �or, more precisely, ferrimagnetic-like� or-
der. It has similar atomic arrangement and local atomic mo-
ments as the ground state but the total magnetic moment is
2�B. The third lowest-lying isomer, which is only 35 meV
less stable than the ground state, has also two tightly bound
Mo atoms of very small magnetic moments, AFM order, and
�=2�B but it is 3D. We identified ten more Mo3Fe isomers
that have 2D/FM, 3D/FM, 1D/AFM, 2D/AFM, 2D/FM, 1D/
AFM, 1D/FM, 1D/FM, 2D/AFM, and 2D/AFM
dimensionalities/magnetic orders, respectively �in increasing
order of energies�, all of which are much less stable than the
ground state.

Figure 2 and Table II show our results for Mo2Fe2. All the
isomers of Mo2Fe2 have also CL magnetic order. The most
stable isomer of this cluster is predicted to have a 1D geom-
etry with a tightly bound Mo dimer in the center and an Fe
atom at each end. The coupling between the magnetic mo-
ments of the Fe atoms through the Mo dimer is AFM. The
next most stable isomer, nearly equienergetic with the
ground state, is a spin isomer with FM coupling and absolute
values of the atomic magnetic moments similar to those of
the ground state. The third lowest-lying isomer �250 meV
less stable than the ground state� has a 2D geometry of rhom-
boidal shape, with a Mo dimer placed at transversal position,
the total magnetic moment being 0�B due to the AFM cou-
pling. The remaining six identified Mo2Fe2 isomers have 1D/
FM, 3D/FM, 2D/FM, 1D/AFM, 2D/AFM, and 2D/AFM
dimensionalities/magnetic orders, respectively.

The information about the predicted lowest-energy iso-
mers of MoFe3 is shown in Fig. 3 and Table III. At the
composition corresponding to MoFe3, a 1D–3D structural
transition occurs. The most stable isomer of MoFe3 has a 3D
geometry of tetrahedral type �which is the geometry of Fe4;
Ref. 16�, AFM order, a Mo magnetic moment of 0�B and a
total magnetic moment of 4�B. The next most stable isomer,
whose energy is not very far from that of the ground state,
has also tetrahedral geometry, but, unlike in the ground state,
the coupling within the Fe3 subcluster is FM, giving rise to a
cluster magnetic moment of 10�B. Because this is the mag-

netic coupling in the triangular ground state of Fe3,16 our
results indicate that the presence of the Mo atom in the prox-
imity of Fe3 produces, after full relaxation, a strong modifi-
cation of the Fe-Fe magnetic coupling. In the ground state of
MoFe3, two Fe atoms �Fe�2� and Fe�3� in Fig. 3� are very
close to each other and relatively far from the remaining Fe
atom �the corresponding distances are shown in Table III�.
This separation between one Fe atom and the other two Fe
atoms is detrimental for FM coupling in the Fe subcluster.
The third lowest-lying isomer of MoFe3 is also a spin isomer
of tetrahedral geometry, which has AFM coupling and a total
magnetic moment of 2�B. The triangular structure adopted

TABLE I. Relative energies, dimensionalities, and bond lengths
of the lowest-energy isomers of Mo3Fe.

�E Dim. d12 d13 d14 d23 d24 d34

0.00 1D 2.88 4.46 7.01 1.58 4.13 2.55

0.00 1D 2.90 4.48 7.03 1.58 4.13 2.55

0.04 3D 1.88 2.56 2.85 2.56 2.85 2.06

0.53 2D 3.20 2.92 3.01 1.61 4.05 2.57

0.63 3D 2.21 2.21 2.67 2.21 2.67 2.67

0.63 1D 5.15 6.76 2.58 1.61 2.57 4.18

0.64 2D 1.74 4.85 2.53 4.85 2.53 2.39

0.68 2D 2.96 2.96 5.19 1.76 2.52 2.52

0.76 1D 1.61 4.54 7.13 2.93 5.51 2.58

0.77 1D 5.25 6.86 2.68 1.60 2.57 4.18

0.78 1D 1.61 4.39 6.95 2.78 5.34 2.56

0.87 2D 2.71 2.71 5.05 1.80 2.65 2.65

3.78 2D 4.08 3.71 2.30 3.71 2.30 2.05

FIG. 2. Predicted lowest-energy isomers of Mo2Fe2 with their
relative energies and absolute values of the total and atomic mag-
netic moments. Dark gray spheres represent Fe atoms and light gray
spheres represent Mo atoms. The arrows indicate the directions and
magnitudes of the atomic magnetic moments �some Mo magnetic
moments are 0 or very small to be appreciated in the figure�. Num-
bers on atoms are used to refer to these atoms in Table II.
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by the Fe subcluster together with the magnetic coupling
with the neighboring Mo atom leads to a competition be-
tween FM and AFM order in Fe, which may trigger the sta-
bilization of NCL magnetic configurations in such structure.
We note that this FM-AFM competition is not of the same
type as that occurring in small clusters of AFM metals such
as Mn, in which the geometries imposed by the dominant
nonmagnetic interactions frustrate the adoption of fully AFM
configurations �see, e.g., Refs. 24–27�. We have identified, as
the fourth lowest-lying isomer of MoFe3, a NCL tetrahedral
isomer with a net magnetic moment of 0�B. At larger ener-
gies, we found four 2D isomers: an AFM isomer with �
=0�B, an AFM isomer with �=4�B, a FM isomer with �
=7�B, and a NCL isomer with �=0�B in which the Fe atoms
also form a triangle. At even much larger energies, we found
two 1D isomers, which are energetically less favorable due
to the relatively high concentration of Fe, with AFM and FM
coupling, respectively.

The ground state and the second lowest-lying isomer of
Mo2Fe2 �considerably more stable than the other isomers of
the same stoichiometry, as indicated above� are particularly
interesting as regard to the exchange coupling �AFM or FM�
between their Fe atoms across the nearly nonmagnetic tightly
bound Mo dimer, which acts as a spacer. This situation can
be seen as the 1D atomic limit of the IEC �Refs. 3 and 4�
observed in magnetic sandwiches and multilayers to which
the MR effects were directly related.5,6 Recently,
�Fe�1.5 nm� /Mo�t nm�� multilayers were prepared by
electron-beam evaporation.28 AFM interlayer coupling be-
tween the Fe slabs across the nonmagnetic Mo spacer was
observed, like in our Mo2Fe2 cluster �Fig. 2�. The spin-
dependent scattering at the interfaces was shown to be rel-
evant for the negative MR of multilayers with t�3 nm. The
MR curve was saturated at low-magnetic fields with small
MR ratio �less than 0.4%�, as a consequence of which the
field sensitivity, one of features of major technological inter-
est, was not quite big. In analogy to the IEC in magnetic
multilayers, we can estimate the exchange coupling across
the Mo dimer �the spacer here� to be �E=EFM−EAFM
=10 meV, which corresponds to the energy difference be-
tween the second lowest-lying isomer and the ground state of
Mo2Fe2 �see Fig. 2�.

In order to see whether these 1D nanomagnets could be
relevant in molecular spintronics and to understand how the

confinement effects due to the finite size are reflected in the
magnetic properties as compared with their multilayer coun-
terparts, we have analyzed in detail their electronic structure.
Figures 4 and 5 show the spin and orbital projected elec-
tronic densities of states for the ground state and the second
lowest-lying isomer of Mo2Fe2, respectively. The highest oc-
cupied molecular orbital �HOMO� and the lowest unoccu-
pied molecular orbital �LUMO� are expected to be the main
states involved in the conductance of the cluster when an-
chored to the leads at low-bias voltage.29 The HOMO in the
ground state AFM configuration is located about 0.30 eV
below the Fermi level �EF�; it has both majority and
minority-spin components and the d character of Fe with a
small p contribution of Mo. The LUMO is located 0.30 eV
above EF; it has also both majority and minority-spin com-
ponents but only pure d character. In the FM configuration,

TABLE II. Relative energies, dimensionalities, and bond lengths
of the lowest-energy isomers of Mo2Fe2.

�E Dim. d12 d13 d14 d23 d24 d34

0.00 1D 1.57 2.55 4.13 4.13 2.55 6.68

0.01 1D 1.57 2.55 4.13 4.13 2.55 6.68

0.25 2D 1.83 2.52 2.52 2.52 2.52 4.69

0.37 1D 1.60 4.23 6.33 2.62 4.73 2.11

0.38 3D 1.79 2.69 2.59 2.59 2.70 2.44

0.54 2D 1.77 2.58 2.58 2.58 2.58 4.84

1.13 1D 1.62 4.18 6.65 2.57 5.03 2.46

2.10 2D 3.15 1.71 2.52 2.51 1.71 2.93

3.58 2D 3.70 3.91 2.25 3.91 2.25 2.17

FIG. 3. Predicted lowest-energy isomers of MoFe3 with their
relative energies and absolute values of the total and atomic mag-
netic moments. Dark gray spheres represent Fe atoms and light gray
spheres represent Mo atoms. The arrows indicate the directions and
magnitudes of the atomic magnetic moments �some Mo magnetic
moments are 0 or very small to be appreciated in the figure�. Num-
bers on atoms are used to refer to these atoms in Table III.
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corresponding to the second lowest-lying isomer, the situa-
tion is different. The HOMO is now located about 0.25 eV
below EF; it has the d character of Fe with a small p contri-
bution of Mo but, in contrast to the AFM configuration, it has
a pure minority-spin component. The LUMO is located 0.30
eV above EF, it is of pure d character and also has minority-
spin component only.

If we consider the axial direction as the direction of the
electronic conduction when these clusters are connected at
each end with a source and a drain lead, respectively, the
electronic scattering will depend, as in the multilayers case,
on the magnetic coupling between the Fe atoms across the
Mo dimer. The spin-resolved charge densities for the HOMO
and LUMO states of the AFM and FM configurations of
Mo2Fe2 are shown in Figs. 4 and 5, respectively. In the AFM

configuration, the HOMO and LUMO majority charge den-
sities are located mainly around one of the Fe ends, whereas
the minority charge densities are located around the other Fe
end. The Mo states are polarized due to the hybridization
with Fe. In the FM configuration the situation is different:
there is no majority charge density at all in the system and
the minority charge density is more noticeable around both
Fe sites. In the electronic transport through the FM configu-
ration of Mo2Fe2, the majority-spin electrons will suffer a
strong scattering and, therefore, this molecular magnet
should act as a spin valve. In the AFM configuration, the
conduction of electrons with a spin component will be simi-
lar to the other and their resistivity will be greater than for
the minority-spin electrons in the FM configuration. This
opens the possibility of enhancing the MR ratio. The possi-
bility of tuning the magnetic coupling through an external
magnetic field would provide a mean to modify the conduc-
tance of the device across the molecular magnet, which
could serve either as a field sensor or as a spin valve. We
note that the functionality of these molecular magnets will
also depend on the source and drain electrodes to which they
can be connected. The relocation of the HOMO and LUMO
molecular states with respect to the Fermi level of the elec-
trodes, as well as the degree of hybridization between these
states and the conduction band of the electrodes, are of fun-
damental importance for the kind of electronic conduction in
the system.

IV. CONCLUSIONS

Our ab initio DFT-based study of Mo4−xFex clusters �x
=1–3� predicts the linear structure of Mo4 to be stable upon

TABLE III. Relative energies, dimensionalities, and bond
lengths of the lowest-energy isomers of MoFe3.

�E Dim. d12 d13 d14 d23 d24 d34

0.00 3D 2.31 2.31 2.08 2.36 2.99 2.94

0.13 3D 2.32 2.37 2.33 2.44 2.46 2.43

0.29 3D 2.27 2.27 2.13 2.65 2.70 2.69

0.35 3D 2.20 2.21 2.21 2.77 2.75 2.71

0.48 2D 2.44 1.80 2.44 2.59 4.67 2.57

0.65 2D 2.76 1.80 2.24 2.46 4.79 2.77

0.92 2D 2.60 1.76 2.60 2.50 4.78 2.50

1.34 2D 2.22 2.22 2.26 3.75 3.92 3.92

1.46 1D 1.62 4.28 6.38 2.67 4.76 2.10

1.53 1D 1.62 4.31 6.43 2.69 4.81 2.12

FIG. 4. �Color online� Orbital and spin pro-
jected densities of states for the ground-state
AFM configuration of Mo2Fe2, together with the
spin charge densities for the HOMO and LUMO
states.
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substitutional doping by one and even two Fe atoms, above
which a transition to the tetrahedral geometry of pure Fe4
takes place. The cluster Mo2Fe2 is particularly interesting
since its ground state and first-excited state essentially differ
in the magnetic coupling between the two Fe atoms across a
tightly bound Mo dimer. The equivalent to the IEC observed
in sandwiches and multilayers is determined in this molecu-
lar magnet, whose electronic structure makes it a good can-
didate to be used either as a field sensor or as a spin valve in
molecular spintronics. We believe that our work may stimu-
late further research to probe the applicability of these low-
dimensional magnets as molecular spintronic units. Metallic
nanostructures are susceptible to lose partially their elec-
tronic properties in environmental conditions different from
the vacuum �e.g., under oxidation�. In such case, and in order
to functionalize them, efforts should be done to provide these
molecular magnets with protections by encasing them into
components which, besides preserving the desired properties,

allow their attachment to the metallic leads. Experimental
and theoretical work in this line will be of great interest.
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