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Spin-polarized transport through single-molecule
magnet Mn6 complexes†

Eduard Cremades,a C. D. Pemmaraju,b Stefano Sanvito*b and Eliseo Ruiz*a

The coherent transport properties of a device, constructed by sandwiching a Mn6 single-molecule magnet

between two gold surfaces, are studied theoretically by using the non-equilibrium Green's function

approach combined with density functional theory. Two spin states of such Mn6 complexes are

explored, namely the ferromagnetically coupled configuration of the six MnIII cations, leading to the S ¼
12 ground state, and the low S ¼ 4 spin state. For voltages up to 1 volt the S ¼ 12 ground state shows

a current one order of magnitude larger than that of the S ¼ 4 state. Furthermore this is almost

completely spin-polarized, since the Mn6 frontier molecular orbitals for S ¼ 12 belong to the same spin

manifold. As such the high-anisotropy Mn6 molecule appears as a promising candidate for

implementing, at the single molecular level, both spin-switches and low-temperature spin-valves.
Introduction

Over the past few years junctions based on individual molecules
have emerged as a tantalizing strategy towards device down-
scaling.1,2 In particular junctions incorporating magnetic mole-
cules can be exploited to control the spin of charge carriers,
yielding to spin-dependent transport devices, such as spin
valves.3–5 Single-molecule magnets (SMM) are compounds with a
relatively large magnetic anisotropy that allows xing the spin
direction even in the absence of an external magnetic eld.6–8

The magnitude of the magnetic anisotropy is the key physical
parameter, because it controls the height of the spin-ip barrier
DS2, with D being the axial zero-eld splitting parameter and S
the total spin of the ground state. Thus, such systems can behave
as individual nanomagnets. One has then to select, among the
many, the best SMM to be incorporated into a junction. This is a
difficult task because the properties of a SMM in the single
crystal form may not be transferable to the same molecule
deposited on a surface. For instance the widely studied Mn12
family,9,10 comprising many mixed valence MnIII–MnIV

complexes, displays rather high instability when coordinated to
metallic surfaces.11,12 From the experimental point of view,13 the
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08028 Barcelona, Spain. E-mail: eliseo.

ege, Dublin 2, Ireland

(ESI) available: Calculated total and
[Mn6O2(Et-sao)6{O2CPh(Me)2}2(EtOH)6]
ed total and projected density of states
)}2(MeOH)6] model complex (Fig. S2).
ent voltages corresponding to the S ¼
6–Au(111) layer system (Fig. S3). Cell
f the Mn6–Au(111) layer system. See

Chemistry 2013
transport properties of some SMMs have been explored in three-
terminal devices; in particular Mn12,14,15 Mn4,16 Fe4 (ref. 17–19)
and single-ion magnet bis-phthalocyaninato TbIII complex20–23

have all been used to make spin-molecular-devices. Here we
consider a different family of molecules, namely the Mn6
complexes.24 These have some advantages with respect to other
SMMs: (i) all the cations are MnIII, thus we expect an electro-
chemical stability larger than that of mixed-valence systems, (ii)
some of the Mn6 are SMMs with the record magnetic anisotropy
barrier for complexes containing rst-row transition metals,25–27

(iii) small structural changes lead to a crossover from the S ¼ 12
to the S ¼ 4 ground state28,29 and (iv) the electronic structure for
the S¼ 12 ground state corresponds to a parallel spin alignment
of all the Mn ions.

From the theoretical point of view, the usual approach to
study coherent transport properties in these kinds of systems is
that of employing electronic structure calculations,30,31 usually
based on density functional theory (DFT), combined with the
non-equilibrium Green's function (NEGF) method for electron
transport.32,33 For instance such an approach was previously
employed to study electron transport in junctions incorporating
Mn12 SMMs.34–39 DFT methods can also be applied to calculate
the zero eld splitting parameters that quantify the magnetic
anisotropy of such molecules.40–43 Ruiz et al. have investigated
magnetic anisotropy for the two S ¼ 12 to the S ¼ 4 ground
states of someMn6 complexes.44 Themain goal of this work is to
compare the transport mechanism across Mn6 SMM complexes
sandwiched between two gold surfaces, when the molecule
switches between the S¼ 12 and the S¼ 4 ground states. Due to
the small exchange coupling constants present in such systems,
there is a small energy difference between the two states,45 of
around 44 cm�1.28 This opens the possibility of switching
between the different spin-states by using some external
Nanoscale, 2013, 5, 4751–4757 | 4751
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Fig. 1 Model structure of a [Mn6O2(Me-sao)6{O2CPh(SH)}2(MeOH)6] molecule
coordinated to five layers of the Au(111) with the S-atoms located in 3-fold
hollow sites (S–Au plane distance of 2.1 Å). Pink, yellow, red and blue spheres
correspond to manganese, sulfur, oxygen and nitrogen atoms, respectively, while
the carbon atoms are represented as a grey wire.
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stimuli. Intriguingly, Prescimone et al. showed that under
pressure, it is possible to modify the relative energies of the
states of some Mn6 complexes.46 Under a pressure of 17.5 kbar,
the energy difference between the ground state (S ¼ 12) and the
rst excited state (S ¼ 11) is reduced more than 80%. Recently,
Timm and Di Ventra have theoretically proposed that single-
molecule magnets coupled to ferromagnetic leads will have
memristor properties.47

The family of Mn6 complexes is now one of the most prolic
complexes in the eld of SMMs.24 The basic structure can be
described as two Mn3O triangles with equatorial oximato and
axial carboxylate bridging ligands (see Fig. 1). Many different
carboxylate ligands have been employed but the magnetic
properties are mainly controlled by the equatorial oximato
bridging ones. Thus, ferromagnetic coupling is found for the
intra-triangle exchange interactions if the Mn–N–O–Mn angle is
larger than a magic angle of around 30�, while antiferromag-
netism appears for smaller torsions.25 This magnetostructural
correlation as well as the magnetic anisotropy in this family of
complexes have been analysed in the past by some of us using
DFT methods.27,28 If the Mn6 complexes have a small Mn–N–O–
Mn angle in the Mn3O triangles, the coupling is antiferromag-
netic resulting in a S ¼ 2 ground state for each of the Mn3O
triangles. As the inter-triangle exchange interactions are ferro-
magnetic, one nds a total spin S ¼ 4 for the entire Mn6

molecule.

Results and discussion

In order to study the transport properties, we have selected the
S ¼ 12 [Mn6O2(Et-sao)6{O2CPh(Me)2}2(EtOH)6] structure, which
4752 | Nanoscale, 2013, 5, 4751–4757
shows the current record anisotropy for polynuclear complexes
with rst-row transition metals.25,26 We then add two thiol
groups to gra the molecule between the two Au(111) surfaces
and replace both the ethyl groups of the equatorial sao oximato
and the ethanol ligands with methyl. This reduces the size of
the system (see Fig. 1), and hence the calculation, without
affecting the electronic structure relevant for the transport.
Moro et al. have graed some Mn6 complexes to Au(111)
surfaces through thiophene carboxylate ligands and showed by
X-ray photoemission spectroscopy that the core stoichiometry
and the MnIII oxidation state remain preserved.48,49 Del Pennino
et al. performed some LDA+U calculations for a monolayer of
Mn6 SMM graed onto Au(111) to compare the calculated
density of states with the experimental spectroscopic data.50

For isolated Mn6 molecules we have performed DFT calcu-
lations with the Ceperley–Alder parameterization51 of the local
density approximation (LDA) functional by using the SIESTA
code.52–54 Then transport simulations are carried out by
including self-interaction correction (ASIC)55,56 as implemented
in the SMEAGOL code.3,57 The ASIC functional generally
improves the molecule fundamental gap and, as a consequence,
usually offers a better description of the transport properties58

(see more detailed information in the Computational details
section). The density of states (DOS) for the S ¼ 12 and S ¼ 4
ground states of the original complex [Mn6O2(Et-
sao)6{O2CPh(Me)2}2(EtOH)6] and the model complex employed
for the transport calculation have been thoroughly compared
(see ESI Fig. S1 and S2†), showing almost identical features.
This justies the use of the smaller molecule in the transport
calculations. The S ¼ 4 ground state corresponds to the spin
ipping of two of the central MnIII cations.28 As expected, the
HOMO and LUMO orbitals receive predominant contributions
from the Mn d orbitals with a small mixing of 2p ones of the O,
C and N atoms of the ligands.

The local electronic structure of the MnIII cations is modu-
lated by a Jahn–Teller effect that induces long axial distortion
resulting in the splitting of the eg levels, with energy stabiliza-
tion of dz2 orbital while the dx2�y2 one remains empty. In Fig. 2,
we present the DOS and the zero-bias transmission spectra for
the S ¼ 12 ground state of the Mn6–Au(111) junction. In this
case the parallel alignment of all the spins is reected in the fact
that the Mn6 DOS contribution close to the Fermi level presents
only the alpha spin direction. Thus, all the rst occupied
molecular orbitals going from the HOMO-5 to the HOMO (see
Fig. 2) are mainly due to the six combinations of the dz2 orbitals
of the MnIII cations. The HOMO and HOMO-1 receive major
contributions from the central MnIII cations and correspond to
the highest transmission peaks. The HOMO-2 and HOMO-3 are
centred on the external manganese atoms of one of the two
Mn3O triangles. Finally, the two similar HOMO-4 and HOMO-5
are delocalized on the six MnIII cations showing a mixing of the
dz2 orbital with some t2g ones. The six combinations of the dx2�y2

orbitals form the rst empty orbitals and they appear in the
form of three pairs. The LUMO and the similar LUMO+1 levels
are a combination of the dx2�y2 orbitals with a similar contri-
bution from the six MnIII cations and the 2s orbital of the
central oxygen atom. In the LUMO, the orbitals belonging to the
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Projected density of states (PDOS) and zero-bias transmission spectra, T(E), of the Au(111)–Mn6–Au(111) junction with themolecule in the S¼ 12 spin state. Red
and green PDOS correspond to the alpha and beta projections over the manganese atoms, while the contribution from the gold atoms is shown in grey. In the lower
panel we present isosurfaces of the electron wavefunction of the most significant molecular orbitals.
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two Mn3O triangles are in-phase while the LUMO+1 corre-
sponds to the out-of-phase combination. The LUMO+2 and
LUMO+3 states also have contribution from the six manganese
atoms but now they are mixed with a 2p orbital of the central
oxygen. Finally the LUMO+4 and LUMO+5 are mainly conned
over one of the two Mn3O triangles. The transmission coeffi-
cient as a function of energy, T(E), nicely reects the position of
the various peaks in the DOS, i.e. there is a transmission reso-
nance at any energy corresponding to a molecular level. The
This journal is ª The Royal Society of Chemistry 2013
height and the width of such resonances depend on the elec-
tronic coupling between the particular molecular level and the
electrodes and it is ultimately determined by the symmetry of
the given level. In this case, however, the Fermi level of the
electrodes lies well within the HOMO–LUMO gap, meaning that
the transport is tunnelling in nature. As a consequence the
transmission at the Fermi level, which determines the low-bias
conductance, depends on the tail of the transmission reso-
nances closer to EF. We then nd that T(EF) for the alpha
Nanoscale, 2013, 5, 4751–4757 | 4753
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electrons is much larger than that for the beta, so that the low-
bias conductance is almost entirely spin-polarized.

Let us now move to the S ¼ 4 case, whose DOS and zero-bias
transmission spectra are shown in Fig. 3. Now the beta HOMO
and HOMO-1 levels are a combination of dz2 orbitals belonging
to the two central MnIII cations, while the corresponding alpha
orbitals are a combination of dz2 orbitals centred on the other
four MnIII cations (alpha orbitals from HOMO to HOMO-3). The
occupied beta HOMO and HOMO-1 levels present higher
transmission peaks and are also closer to the Fermi level than
the corresponding alpha orbitals. The beta LUMO, also closer to
Fig. 3 Projected density of states (PDOS) and zero-bias transmission spectra, T(E), of
and green PDOS correspond to the alpha and beta projections over the manganese
panel we present isosurfaces of the electron wavefunction of the most significant m

4754 | Nanoscale, 2013, 5, 4751–4757
the Fermi level than the alpha one, is a combination of the dx2�y2

state of the central spin-down MnIII cations. The alpha HOMO
and HOMO-1 orbitals are mainly centred on the external Mn
atoms of one of the Mn3O triangles. Finally the alpha HOMO-2
and HOMO-3 show contribution from the four external MnIII

cations. When the molecule is in the S ¼ 4 spin state the
HOMO–LUMO gaps of the different spin manifolds are much
more similar to each other than in the S ¼ 12 case. This fact,
combined with the different orbital symmetries of the spin-split
frontier molecular orbitals, yields almost identical transmission
coefficients at the Fermi level for the two spin species. As a
the Au(111)–Mn6–Au(111) junction with the molecule in the S¼ 4 spin state. Red
atoms, while the contribution from the gold atoms is shown in grey. In the lower
olecular orbitals.

This journal is ª The Royal Society of Chemistry 2013
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consequence the current at low-bias is expected to be almost
spin-degenerate. Concerning the possibility of redox molecular
processes and the presence of Coulomb blockade peaks, a
rough estimate can be provided by the distance between the
Fermi level and the HOMO or LUMO, which is always around
0.5 eV, thus, up to 1 V no Coulomb blockade peaks are expected.
Theoretical analysis of how the electronic properties are
affected by redox processes has been previously reported by
Park and Pederson59 for Mn12 complexes and Canali and
coworkers have studied the transport properties of such single-
molecule magnet complexes.37,60

We nally move on to discuss the transport properties of the
junction at nite bias. The calculated I–V curves for the different
spin states and their spin-resolved contributions are presented
in Fig. 4. These are obtained by performing an energy integra-
tion of the spin and bias-dependent transmission coefficients
over the bias window (see Fig. S3 in ESI†). In actual fact T(E)
does not change much with bias for the bias range investigated
here, with the exception of a small split of the LUMO-related
peak for both the spin states. As such, the integration of the
zero-bias T(E) provides already a good rationale for the I–V
curves. We note that there are dramatic differences between the
I–V curves of the two spin states: (i) the S ¼ 12 ground state
shows a much larger current at all voltages, almost one order of
magnitude larger than that of the S ¼ 4 state; (ii) since for the
S ¼ 12 ground state the electronic structure of the MnIII cations
presents only alpha orbitals close to the Fermi level (see Fig. 2),
the current is almost perfectly spin polarized, being the
conduction of the beta electrons practically negligible; (iii) for
the S ¼ 4 state the conduction is mainly due to the beta elec-
trons but there is a similar alpha contribution at low bias values
(recall that T(EF) is essentially the same for the two spins, see
Fig. 3). Most of these results can be attributed to the position of
the LUMO and LUMO+1 orbitals in the two cases. In fact the
LUMO/LUMO+1 of the S ¼ 12 ground state is 0.25 eV closer to
the Fermi level of the electrodes than that of the S ¼ 4 state,
while the corresponding HOMOs are approximately in the same
Fig. 4 I–V characteristics for the Au(111)–Mn6–Au(111) junction when the
molecule is either in the S ¼ 12 (red line) or S ¼ 4 (green line) spin state. The solid
and dashed curves correspond to the contributions to the current from the alpha
and beta electrons, respectively.

This journal is ª The Royal Society of Chemistry 2013
position. As such the differences in transport properties are
mainly due to a difference in band-gap between the two spin
states.
Conclusions

We have demonstrated that the transport properties of Mn6

SMM complexes immobilized inside a two-terminal junction
depend sensitively on the molecule spin state. Two different
spin states of such Mn6 complexes have been explored, the S ¼
12 ferromagnetically coupled state with a parallel alignment of
the spin of the six MnIII cations and the low S ¼ 4 spin
conguration corresponding to the inversion of one of the MnIII

cations of each Mn3 triangle. For voltages up to 1 volt the S ¼ 12
ground state shows a current one order of magnitude larger
than that of the S ¼ 4 state. For such voltages we should expect
that the molecule would keep the original neutral state without
redox processes and consequently, the Coulomb blockade
mechanism is not expected. Moreover this is almost completely
spin-polarized, since the Mn6 frontier molecular orbitals for S¼
12 belong to the same spinmanifold. This is similar to what was
found both experimentally61–63 and theoretically64,65 for spin-
crossover compounds based on FeII. Also, CoII dioxolene
valence tautomeric complexes have been proposed for similar
application due to switching between the CoII-semiquinone and
CoIII-catechol species.66,67 Intriguingly, at variance with the
mononuclear FeII or CoII complexes, the Mn6 family may also
display large magnetic anisotropy, which can be in principle
probed by magnetic electrodes. As such the Mn6 family appears
as an intriguing material platform for both low-temperature
molecular spin-valves and spin-switches.
Computational details

The SIESTA code,52–54 which is based on numerical orbital basis
sets and norm-conserving pseudopotentials, was employed to
perform calculations of the density of states of isolated Mn6

molecules. Transport calculations were performed using
the experimental X-ray structure of [Mn6O2(Et-sao)6{O2CPh-
(Me)2}2(EtOH)6] including the structural changes described
above. The LDA functional proposed by Ceperley and Alder51

was employed with a self-interaction correction (ASIC).55,56 The
inclusion of the ASIC considerably improves one of the main
deciencies of DFT. The self-interaction error68–70 causes a
wrong asymptotic behavior of the functional and the energy
gaps are underestimated.71–73 Thus, the ASIC approach gives a
more appropriate description of the energy levels that is crucial
for the proper prediction of transport properties.

We employed scalar relativistic pseudopotentials with the
following reference congurations: H 1s1, C 2s22p2, S 3s23p4, O
2s22p4, Mn 4s23d5 and Au 6s1. The atomic basis sets were the
following: H: DZP-s; C: DZ-s, DZ-p; S: DZ-s, DZP-p, SZ-d; O: DZ-s,
DZP-p, SZ-d; Mn: DZP-s, SZP-p, DZ-d and Au: DZ-s. It is worth
noting that for atoms, the Au 5d orbitals were not directly
considered resulting in a considerable reduction of computer
time. This approximation was previously tested providing
satisfactory results for transport properties.58
Nanoscale, 2013, 5, 4751–4757 | 4755
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Transport calculations were performed using the SMEAGOL
program3,57 that combines the non-equilibrium Green's func-
tion approach32,33 with the DFT calculations implemented in the
SIESTA code. The charge density is calculated by splitting the
integral of the Green's function into a contribution obtained
over the complex energy plane and one along the real axis. The
complex integral is carried out on a mesh of 512 imaginary
energies while the real part is obtained using amesh renement
algorithm to integrate the DOS peaks. The integration of the
non-equilibrium density in a 2 eV bias window is performed
including 10 000 energy points with a denser energy spacing
being around 10�7 eV.

Calculations were performed for two spin congurations, the
S¼ 12 and one S¼ 4 corresponding to the spin inversion of one
MnIII center of each Mn3 triangle. We have calculated the most
stable S ¼ 4 spin conguration and it corresponds to the spin
inversion of one of the central MnIII centers (major contribution
of the beta HOMO orbital in Fig. 3).
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57 A. R. Rocha, V. Garćıa-Suárez, S. W. Bailey, C. J. Lambert,
J. Ferrer and S. Sanvito, Phys. Rev. B: Condens. Matter
Mater. Phys., 2006, 73, 085414.

58 C. Toher and S. Sanvito, Phys. Rev. B: Condens. Matter Mater.
Phys., 2008, 77, 155402.

59 K. Park and M. R. Pederson, Phys. Rev. B: Condens. Matter
Mater. Phys., 2004, 70, 054414.

60 L. Michalak, C. M. Canali and V. G. Benza, Phys. Rev. Lett.,
2006, 97, 096804.

61 V. Meded, A. Bagrets, K. Fink, R. Chandrasekar, M. Ruben,
F. Evers, A. Bernand-Mantel, J. S. Seldenthuis, A. Beukman
and H. S. J. van der Zant, Phys. Rev. B: Condens. Matter
Mater. Phys., 2011, 83, 245415.

62 F. Prins, M. Monrabal-Capilla, E. A. Osorio, E. Coronado and
H. S. J. van der Zant, Adv. Mater., 2011, 23, 1545.

63 T. G. Gopakumar, F. Matino, H. Naggert, A. Bannwarth,
F. Tuczek and R. Berndt, Angew. Chem., Int. Ed., 2012, 51,
6262.

64 D. Aravena and E. Ruiz, J. Am. Chem. Soc., 2012, 134, 777.
65 N. Baadji and S. Sanvito, Phys. Rev. Lett., 2012, 108, 217201.
66 A. Droghetti and S. Sanvito, Phys. Rev. Lett., 2011, 107, 047201.
67 A. Calzolari, Y. F. Chen, G. F. Lewis, D. B. Dougherty,

D. Shultz and M. B. Nardelli, J. Phys. Chem. B, 2012, 116,
13141.

68 A. Zunger, J. P. Perdew and G. L. Oliver, Solid State Commun.,
1980, 34, 933.

69 J. P. Perdew, E. R. Mcmullen and A. Zunger, Phys. Rev. A: At.,
Mol., Opt. Phys., 1981, 23, 2785.

70 J. P. Perdew and A. Zunger, Phys. Rev. B: Condens. Matter
Mater. Phys., 1981, 23, 5048.

71 A. Ruzsinszky, J. P. Perdew, G. I. Csonka, G. E. Scuseria and
O. A. Vydrov, Phys. Rev. A: At., Mol., Opt. Phys., 2008, 77,
184109.

72 A. Ruzsinszky, J. P. Perdew, G. I. Csonka, O. A. Vydrov and
G. E. Scuseria, J. Chem. Phys., 2006, 125, 194112.

73 M. R. Pederson and J. P. Perdew, Self-Interaction Correction in
Density Functional Theory: The Road Less Traveled, http://
www.psi-k.org/newsletters/News_109/Highlight_109.pdf.
Nanoscale, 2013, 5, 4751–4757 | 4757

http://dx.doi.org/10.1039/c3nr00054k

	Spin-polarized transport through single-molecule magnet Mn6 complexesElectronic supplementary information (ESI) available: Calculated total and...
	Spin-polarized transport through single-molecule magnet Mn6 complexesElectronic supplementary information (ESI) available: Calculated total and...
	Spin-polarized transport through single-molecule magnet Mn6 complexesElectronic supplementary information (ESI) available: Calculated total and...
	Spin-polarized transport through single-molecule magnet Mn6 complexesElectronic supplementary information (ESI) available: Calculated total and...
	Spin-polarized transport through single-molecule magnet Mn6 complexesElectronic supplementary information (ESI) available: Calculated total and...
	Spin-polarized transport through single-molecule magnet Mn6 complexesElectronic supplementary information (ESI) available: Calculated total and...


