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Density functional theory in conjunction with nonequilibrium Green’s functions has been used to explore charge
transport through the cobalt-based extended metal atom chain, Co3(dpa)4(NCS)2. The isolated molecule has a
doublet ground state, and the singly occupied σ nonbonding orbital proves to be the dominant transport channel,
providing spin filtering efficiencies in excess of 90%. The metal chain differs from typical organic conductors in that the
π orbitals that form the contact with the gold electrode are orthogonal to the transport channel. As a result, the
rehybridization of these π levels by the applied electric field has only a minor impact on the current, allowing spin
filtering to persist even at biases in excess of 1 V.

Introduction

Ever since Aviram and Ratner’s seminal proposal of a
molecular rectifier in 1974,1 experimental and theoretical
groups have sought to understandhow current flows through
single molecules, the ultimate goal being to construct devices
based on molecular species.2 In the intervening years, much
progress has been made with unsaturated carbon-based
materials, where the conjugatedπ systemoffers a highdensity
of states near the Fermi level.3 In the rather newer field of
molecular spintronics, spin dependent current flow can, in
principle, be achieved either by placing a diamagnetic mole-
cular bridge between two ferromagnetic electrodes or, alter-
natively, by coupling a paramagnetic molecule to two dia-
magnetic electrodes.4 In this second approach, the exchange
splitting of the spin-up and spin-downmanifolds in themole-
cular region causes them to align asymmetrically relative to
the Fermi levels of the electrodes, allowing spin-polarized
transport. Introducing radicals into organic architectures is,
however, far from trivial, and so adapting them for applications

in spintronics remains a considerable challenge.5 Open-shell
character is, in contrast, the norm in transitionmetal chemis-
try, and the incorporation of metal centers into a conduction
channel offers obvious potential for distinguishing spin-up
and spin-down currents. At the simplest level, this could
involve a paramagnetic impurity in an otherwise diamagnetic
metallic wire, and indeed da Silva and co-workers have
recently highlighted the fact that even a single cobalt center
in a one-atom-thick gold wire can act as an effective spin
filter.6Min et al. have also computed substantial spin filtering
efficiencies for alternating Au-Cr or Au-V wires absorbed
on the outer wall of a B/N nanotube.7 However, well-defined
coordination complexes (as distinct from isolated metal
atoms) clearly offer much greater potential for control and
tuning of the density of states around the Fermi level, and a
numberof authors have explored the potential of bothmono-
and polymetallic systems in this context. For example,
Baranger and co-workers8 have recently illustrated how a co-
baltocene unit (linked to gold electrodes through a-CtC-S
substituent on the cyclopentadienyl ring) can act as an
efficient spin filter because only the vacant spin-β component
of the SOMO lies close to the Fermi level. Moreover,*To whom correspondence should be addressed. E-mail: john.mcgrady@
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coupling two such centers together via a diamagnetic bridge
generates singlet and triplet diradical states that provide the
basis, at least in principle, for a molecular switch.9 The so-
called sandwich molecular wires (SMWs), [ML]n, where L is
an aromatic ligand such as cyclopentadienyl,10,11 benzene,12

borazine,13 or cyclooctatetraenyl14 have also been studied
extensively in the context of electron transport properties. In
these systems, the M 3 3 3M axis lies along the transport
direction, and the contact to the electrode is established either
directly through the metal atom itself or through the π sys-
tem of the aromatic ring. A logical extension is to employ
extended three-dimensional arrays of paramagnetic centers
such as are present in single molecule magnets (SMMs),15-17

and Sanvito et al. have recently highlighted how bias-induced
rehybridization of orbitals can have a substantial impact on
the transmission channels in a Mn12 cluster.

18

The metallocene and SMM complexes described in the
previous paragraph aremembers of a diverse and technologi-
cally important class of metal clusters whose defining feature
is that the communication between the metal centers occurs
through superexchange interactions rather than by direct
covalent overlap of themetal orbitals. The chemistry of cova-
lent metal-metal bonds is now a relatively mature subject,
and the discovery of the quadruple bond in [Re2Cl8]

2- in the
late 1960s was a landmark that has contributed greatly to our
understanding of bonding.19 Rather more recently, the port-
folio of known bond multiplicities has been extended to five
with the discovery of ultrashort quintuple Cr-Cr bonds.20,21

These systems have naturally excited considerable attention
in the theoretical community, not least because the very
different electronic structures of the linear and trans-bent
isomers of Ar-Cr-Cr-Ar provide a switching mechanism
that could support on/off current ratios (Itrans-bent/Ilinear)

of the order of 100.22 While the quintuple bond remains
somewhat exotic, metal-metal bonds of orders one through
four are well-known stable entities, and the presence near the
Fermi level of molecular orbitals of σ, π, and δ symmetry
(with respect to the M-Maxis) offers, at least in principle, a
diverse range of transport channels. Among the many classes
of metal-metal bonded systems, the family of Extended
Metal Atom Chains (EMACs), based on chains of metal
atoms supported by helical arrays of polypyridylamido lig-
ands (Figure 1), provides a visually appealling (although
perhaps somewhat superficial) resemblance to amacroscopic
wire.23 The chemistry of these systems has been developed
extensively in the groups of Peng24 and Cotton,25 and chains
containing up to nine metal atoms26 are now well character-
ized. More importantly, in the context of electron trans-
port, examples are known for metals with widely differing
d-electron counts and metal-metal bond types. Thus, for
example, the d7 configuration ofCo(II)means thatσbonding
prevails in cobalt chains, while their d4 Cr(II) counterparts
feature strong multiple bonds involving σ, π, and δ compo-
nentswhich can be either localized in alternatingCr-Cr pairs
or delocalized along the entire chain.23 The structural and
magnetochemical properties27 of the Co3(dpa)4Cl2 chains
(dpa=dipyridylamide) are particularly intriguing, as these
systems provide one of the few well-defined examples of
polymorphism, where a molecule can exist in two distinct
forms which differ only in the lengths of one or more bonds.
We have recently shown that this remarkable structural
chemistry can be understood in terms of a rather complex

Figure 1. Structure of the Co3(dpa)4(NCS)2 EMAC (dpa= dipyridya-
mide) and the model ligand, L, used in this study. The subscripts i and
o refer to inner and outer cobalt centers, respectively.
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temperature-dependent redistribution of charge density be-
tween the σ, π, and δ components of the Co-Co-Co
manifold,28 an observation that leads naturally to the ques-
tion of how such a systemmight behave under applied bias in
a putative molecular electronic device.
Peng and co-workers have addressed this question by

using both STM and c-AFM techniques to measure the
conductance of thiocyanate-capped oligo-R-pyridylamido
chains containing three and five metal atoms.29 The con-
ductance increases in the order Ni<Co<Cr, suggesting
that the metal core plays a defining role in electron trans-
port. Perhapsmost remarkably, the pentachromium system
apparently undergoes stochastic switching between distinct
conducting and nonconducting states, perhaps correspond-
ing to the localized and delocalized distributions, respec-
tively, of Cr-Cr multiple bonds alluded to earlier. In a
separate series of experiments on the chloride-capped Ni3
and Cu3 analogues, where the coupling to the gold electro-
des is rather weaker, Yao and co-workers have shown clear
evidence for Coulomb blockade behavior.30 The further
development of these systems in the context of molecular
spintronics will necessarily rely on a detailed understanding
of how the interrelated issues of electronic configuration,
metal-metal bonding, and spin state combine to control
the flow of current. Jin and co-workers have computed the
conductance of the trimetallic cobalt, chromium, and nickel
chains using an extended H€uckel framework and concluded
that the antibonding combination of dz2 orbitals on the
metal centers dominates charge transport.31 However, the
extendedH€uckel model precludes any consideration of spin
polarization effects that are integral to spin filtering. In this
contribution, we use density functional theory,32 where the
lineup of the Fermi level of the gold electrodes relative to
the orbitals of the channel is determined self-consistently, to
explore the behavior of the symmetric form of the proto-
typical EMAC, Co3(dpa)4(NCS)2, under applied bias. We
show that the spin density distribution characteristic of the
doublet ground state of the isolated molecule is retained
even after absorption onto the gold electrodes, and the
resultant exchange splitting of majority- and minority-spin
manifolds supports spin filtering efficiencies of up to 90%
at low bias. Most remarkably, a spin polarized current is
maintained even at biases that significantly exceed the
magnitude of the exchange splitting because the levels in
the channel become pinned to the potential of the drain; as
a result, the majority-spin channels remain largely outside
the bias window.

Computational Methods

The spin-dependent electron transport properties of the
cobalt-based EMAC were computed using the Atomistic-
Toolkit software package, ATK2008.33,34 The methodology
combines a density functional theory treatment of the elec-
tronic structure with the Keldysh nonequilibrium Green’s
function approach to simulating coherent transport under
nonequilibrium conditions.35 The scattering region, [Au32]-
Co3(L)4(NCS)2-[Au48], contains the EMAC sandwiched be-
tween two and three 4� 4 layers of theAu(111) surface of the
source and drain electrodes, respectively, with the sulfur
atoms of the two NCS ligands located in hollow sites with
Au-S distances of 2.52 Å. The Perdew Burke Ernzerhof
(PBE) functional36 was used throughout in conjunction with
numerical basis sets ofdouble-ζþpolarization (DZP) quality
on all atoms other than the nitrogens, where an additional
polarization functional was added (DZDP). Core electrons
were described by norm-conserving pseudopotentials.37 The
geometry of Co3(dpa)4(NCS)2 in the scattering region was
optimized in its doublet ground state using ADF200838 with
the samePBE functional and a triple-ζquality basis of Slater-
type functions on cobalt and double-ζ þ polarization else-
where (a full set of Cartesian coordinates for the two-probe
system is provided in the Supporting Information). In order
to reduce the dimensions of the unit cell in the directions
perpendicular to the transport direction, the dipyridylamido
ligand was simplified by removing the bulk of the pyridyl
rings and capping the unsaturated valences at C and N with
hydrogen atoms at 1.1 Å and 1.0 Å, respectively (Co3(L)4-
(NCS)2, Figure 1). Although truncating a ligand across an
aromatic bond in thisway is clearly not ideal, test calculations
suggest that this simplification does not perturb the equilib-
rium electronic structure of the isolated molecule to any
significant extent. The electronic structure of the two-probe
systems at equilibrium was converged using a 350 Ry mesh
cutoff, a finite temperature of 300K at the electrodes, and the
density matrix constraint at the electrodes. Sampling of the
Brillouin zonewasperformedusing aMonkhorst-Packgrid39

with 300 k-points along the transport direction. The molec-
ular orbitals in the scattering region are the eigenfunctions of
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the molecular projected self-consistent Hamiltonian (MPSH).
The current is computed using the Landauer40 formula:

lσðVÞ ¼ e

h

Z ¥

E¼ -¥
TσðE,VÞðf ðε, μLÞ- f ðε, μRÞÞ dE

where Tσ(E,V) is the (spin- and voltage-dependent) transmis-
sion coefficient and f(ε,μL) and f(ε,μR) are the Fermi functions
of the two electrodeswith chemical potentialsμL=-eV/2 and
μR = eV/2, respectively. The subscript σ denotes the spin
component (R or β). In the calculation of current, the bias
windowwas sampledat intervals of 0.005 eV, corresponding to
100, 200, 300, and 400 integration points for 0.5, 1.0, 1.5, and
2.0V, respectively.At zero bias, the conduction,Gσ(0), is given
by the expression:

Gσð0Þ ¼ dl

dV

� �
v¼ 0

¼ e2

h
TσðEf , 0Þ

Results

Equilibrium Properties. We28 and others41,42 have dis-
cussed the electronic structure of both the symmetric and
unsymmetric forms of the closely related tricobalt chains
Co3(dpa)4Cl2 in some detail previously, so our purpose
here is simply to review the key features that relate directly

to the electron transport properties to be described later.
A schematic molecular orbital diagram for the doublet
ground state of the symmetric form of the NCS-capped
species, Co3(L)4(NCS)2, is shown in Figure 2a, while a
Mulliken population analysis is summarized in Table 1.
In Figure 2a, all orbitals of the isolated molecule have
been arbitrarily shifted such that the spin-β component of
the σnb SOMO is coincidentwith the corresponding orbital
in the two-probe system, [Au32]-Co3(L)4(NCS)2-[Au48]
(vide infra). The molecular orbital array for the correspon-
ding system with the complete dpa ligand (Figure S1,
Supporting Information) is very similar, confirming that
our simplified ligand does not perturb the underlying
electronic structure of the metal chain to any great extent.
Thebasic features of themolecular orbital array are similar
to those for the chloride-capped analogue:28 between-1.0
and-2.5 eV lies a band of nine Co-based levelsmade up of
linear combinations of the t2g orbitals of the individual
octahedra, three with local π symmetry (π, πnb, and π*),
each of which is doubly degenerate, and three with local δ
symmetry, δ, δnb, and δ*. The highest occupied orbital has
π symmetry and is localized primarily on the sulfur centers
(denoted Sπ in Figure 2a). Bracketing the occupied π/δ
band are σ bonding and nonbonding linear combinations
of theCo dz2 orbitals, the latter being singly occupied in the

Figure 2. Molecular orbital diagram for (a) isolated Co3(L)4(NCS)2, (b) Co3(L)4(NCS)2 sandwiched between gold electrodes, and (c) the zero-bias
transmission spectrum for [Au32]-Co3(L)4(NCS)2-[Au48] (inset is an expansion of the region around the Fermi level). Spin-R and spin-β components are
shown in blue (dashed) and red, respectively.

Table 1. Mulliken populations F(Rþβ) and spin densities F(R-β) for Co3(L)4-
(NCS)2 and [Au32]-Co3(L)4(NCS)2-[Au48]

S C N Coo Coi

Co3(L)4(NCS)2 FR-β 6.24 4.34 4.93 8.74 8.66
FR-β 0.08 0.00 0.06 0.43 -0.05

[Au32]-Co3(L)4(NCS)2-[Au48] FR-β 6.36 4.26 4.84 8.69 8.65
FR-β 0.00 0.00 0.04 0.50 -0.10
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ground state, giving a net Co-Co bond order of 0.5 and
substantial Mulliken spin densities on the outer cobalt
centers (Coo, FR-β=0.43). At higher energy, we find three
vacant Co-N σ antibonding orbitals that have δ symme-
try with respect to the Co-Co axis, along with the anti-
bonding σ* orbital which lies over 2 eV above σnb. The
exchange splitting stabilizes the entire spin-R manifold,
but its magnitude is highly orbital-dependent and is
most apparent in the σ manifold. Thus, the spin-R and
spin-β components of the σnb and σ* orbitals are separated
by ∼1 eV, while the π* orbital, which has rather little
amplitude on the terminal Co centers, is split by only
∼0.05 eV.
Turning to the two-probe system (Figure 2b) where the

molecule is sandwiched between two gold electrodes, the
basic features of the electronic structure are very similar,
suggesting that the molecule/electrode interaction does
not perturb the former to any great extent. Thus, an
excess of approximately one spin-R electron ismaintained
in themolecular region and remains localized on the outer
cobalt centers. A small amount of negative charge accu-
mulates at the sulfur atoms of the thiocyanate ligand at
the expense of the nitrogen and carbon, indicating a shift
from the -NdCdS resonance structure toward Nt
C-S-, but otherwise the electron density distribution
remains unchanged. The manifold of metal-based levels
becomes compressed into a narrower energywindow than
in the isolated molecule, but the general pattern of bond-
ing, nonbonding, and antibonding combinations of σ, π,
and δ symmetry remains intact, the only major change
being the removal from the frontier region of the degen-
erate Sπ levels which mediate the Au-S bonds.
In terms of transport properties, the central issues are

the extent to which the molecular levels discussed above
form effective transmission channels and how these chan-
nels align relative to the Fermi levels of the gold electro-
des. The transmission functions for the spin-R and spin-β
manifolds at zero bias, shown in Figure 2c, map directly
onto the orbital energies for the scattering region, with
three intense peaks with T(E) ∼ 2.0 corresponding to the
doubly degenerate channels of π symmetry, π, πnb, and
π*. All three of these are broadened by the contact with
the gold electrode due to π character on the terminal
sulfur atoms, dramatically so in the case of the πnb level
where the sulfur contribution is highest. The correspond-
ing (nondegenerate) σ bonding, nonbonding, and anti-
bonding levels (σ, σnb, and σ*) have a maximum T(E)∼ 1
and are rather less broadened as a result of having lower
amplitude on the sulfur terminii. The remainder of the
metal-based orbitals have δ symmetry with respect to the
Co-Co axis and so couple only weakly to the electrode
surface. The most striking feature is that the occupied
spin-R and vacant spin-β components of the σnb orbital
are distributed asymmetrically relative to the Fermi level
of the gold electrodes: the former lies 0.85 eV below Ef,
while the latter lies only 0.20 eV above it. As a result, the
zero-bias conduction is dominated almost entirely by the
spin-β channel (see inset in Figure 2): GR=0.03 μS, Gβ=
0.57 μS, Gtot=0.60 μS, corresponding to a spin-filtering
efficiency (SFE, defined at 0 V as (Gβ - GR)/(Gβ þ Gβ) �
100%) of 90%, comparable to values computed for
ferrocene-based SMWs.11 Analysis of the transmission
channels reveals that, while almost all the spin-β current is

carried through the σnb channel, the (much smaller) spin-
R conductance is dominated by the broader π* band. The
computed total conductance of 0.60 μS is very similar to
the value of 0.53 μS measured by Peng and co-workers
using STM (at 0.025 V).29 Conductance values are typi-
cally overestimated by an order ofmagnitude usingDFT-
based formalisms32 a trend that has been ascribed var-
iously to the limitations of DFT (in particular the failure
to account for the self-interaction energy) or to the idea-
lized contact geometry. Given the simplifications associa-
ted with our model, most notably the truncation of the
ligand and the choice of a hollow site on the gold surface
(which will necessarily maximize the coupling), this close
agreement is therefore probably a result, at least in part,
of error cancellation, and a comparison across a broader
range of compounds is necessary before definitive con-
clusions regarding the accuracy of themodel can bemade.
Nevertheless, it suggests that our computational model is
capturing the essential features of the two-probe systemat
equilibrium. Our computed values are 2 orders of magni-
tude larger than those calculated by Jin and co-workers
using extended H€uckel theory.31 The origin of this dis-
crepancy probably lies in the rather different alignment of
molecular orbitals with respect to the electrode Fermi
levels in the twomethods: in reference 31a, the σ* channel
was proposed to be the major carrier, whereas our
calculations suggest that this orbital lies almost 2 eV
above Ef, in which case it will make a negligible contribu-
tion to current flow. We note in this context that the
minimal charge transfer associated with absorption of the
molecule on the gold surfaces discussed above appears
inconsistent with a close alignment of the electrode Fermi
levels with the high-lying σ*, as this would inevitably
result in double occupation of the much lower-lying σnb

orbital (i.e., complete one-electron reduction of the
molecule).

Device Out of Equilibrium. The transmission spectrum
discussed in the previous section confirms that the strong
exchange splitting of the σnb orbital, which leaves only the
spin-β component near the Fermi level, provides a basis
for high SFEs, at least at low bias. The computed current/
voltage characteristics shown in Figure 3 confirm that
the current flow is dominated almost entirely by the
minority-spin channel up to biases of (1.0 V, with a
SFE, defined at finite bias as (Iβ - IR)/(Iβ þ IR)� 100%,
well in excess of 90%. Beyond this plateau, both spin-R

Figure 3. Computed current/voltage characteristics in [Au32]-Co3(L)4-
(NCS)2-[Au48].
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and spin-β manifolds begin to contribute to the current,
although the latter remains dominant even at 2.0 V. In the
linear response limit (where T(E) is assumed to be bias-
independent), Figure 2c suggests that transmission through
the broaderπ* channel should start to dominate at biases in
excess of ∼0.75 V, and the small exchange splitting within
this level means that the SFE should be effectively elimi-
nated. To understand why this is apparently not the case,
we need to consider how the transmission spectrum evolves
as a function of bias. Transmission spectra,T(E), for 0, 0.5,
1.0, and1.5Vare collected inFigure 4,where the energies of
the orbitals in the scattering region are also shown for com-
parison. Bias-induced changes in electron density, along
with the profile of the electrostatic potential, are compared
for 0.25 and 1.0 V in Figure 5.
At 0.25 V, only the vacant spin-β component of the σnb

orbital falls within the bias window, and as a result there is
a marginal buildup of spin-β electron density in the Co3
region (see Figure 5a). Consistent with this, the potential
profile drop is localized largely at the nitrogen atomof the
-NCS ligand adjacent to the drain, and the peaks in the
transmission spectrum shift marginally upward in energy.
Beyond 0.5 V, however, the transmission spectra become
highly bias-dependent, with all peaks shifting downward,
following the potential of the drain. This pinning of the
molecular levels to the drain occurs because the bias
window begins to capture the upper tail of the occupied
π* channel, resulting in a depletion of charge (both spin-R
and spin-β) which extends across the molecule to the
cobalt adjacent to the source, where the conjugation is
interrupted by the Co-NCS bond. As a result, the profile
of the electrostatic potential shows a more pronounced
drop across the source-molecule junction in this case.43

The fingerprint of the π* level is apparent in Figure 5b in
the regions of charge depletion in both spin-R and spin-β
density at the cobalt adjacent to the drain. At the same
point that the peaks in the transmission spectrumbegin to
follow the potential of the drain, their shapes also become
highly bias-dependent: those corresponding to the three
π channels (π, πnb, and π*) become substantially broader
and weaker while the σ manifold remains essentially
unperturbed. The large polarizability of the π manifold
arises because the three components, π*, πnb, and π, span
less than 1 eV, as a result of which they are substantially
mixed by the applied electric field, an effect that has been
noted in related systems.18,44 Thus, while all three orbitals
necessarily have equal amplitude on the two terminal
cobalt centers at 0 V, at 1.0 V the π* orbital becomes
somewhat localized on the source side, while its bonding
counterpart has greater amplitude adjacent to the drain
(Figure 4). This rehybridization reduces the ability of the
π channels to transport charge, and the corresponding
peak heights in the transmission spectrum are dramati-
cally reduced. In marked contrast, the σnb orbital is ener-
getically isolated from both its bonding and antibonding
counterparts, which lie approximately 2 eV lower and
higher, respectively. The σ framework is therefore sub-
stantially less polarizable than its π counterpart, and the
σnb channel remains unperturbed even up to 2.0 V. The
net result of these bias-induced changes in the distri-
bution of the orbitals in the molecular region is that the
resonances due to the spin-R and spin-β components of
theπ* channel are largely quenched above 1.0 V, allowing
the spin-β component of the σnb channel to continue to
dominate charge transport and hence to maintain high
spin filtering efficiencies.

Figure 4. Changes in transmission spectrum as a function of applied bias (0-1.5 V) for [Au32]-Co3(L)4(NCS)2-[Au48]. Red and blue (dashed) lines denote
spin-β and spin-R components, respectively. Horizontal black lines for 0.5, 1.0, and 1.5 Vmark the potential of the drain electrode.MPSHorbitals for theπ,
πnb, π*, and σ* channels at 0 and 1.0 V are also shown for comparison.
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Conclusions

In summary, our calculations suggest that the dominant
electron transport channel in Co3(L)4(NCS)2 is the σ non-
bonding orbital, which is singly occupied in the doublet
ground state of the isolated molecule. The excess of spin-R
density characteristic of the doublet ground state of the
molecule is maintained in the two probe system, even under
substantial applied biases, and the resultant exchange split-
tingplaces the vacant spin-β component ofσnbmuch closer to
the Fermi level than its occupied spin-R counterpart. The
result is spin filtering efficiences of ∼95% at moderate bias.
At higher voltages, the bias window captures the upper tail of
the broadened π* channel, leading to a depletion of charge,
and the orbital energies follow the potential of the drain. The
electric field also causes a substantial rehybridization of the
π manifold; as a result, the individual orbitals become loca-
lized in the vicinity of the source or drain, effectively closing
the channel. The σnb channel, in contrast, is far less polariz-
able due to a much greater splitting within the σ/σnb/σ*

manifold and so remains unpertubed and able to support
current flow even at moderately high bias. The presence of
orthogonal σ and π channels in Co3(dpa)4(NCS)2 offers a
striking contrast to conventional organic materials, where
only orbitals of π symmetry lie near the Fermi level. In the
present case, the contact with the electrode is established
through the π system, while current flow is dominated by the
orthogonal σ system. The implication of this is that, even
when the highly polarizable π channels are strongly rehybri-
dized by the applied electric field, current flow is not affected.
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Figure 5. Charge redistribution (F(finite bias) - F(0 V)) and electrostatic potential profiles (V(finite bias) - V(0 V)) for [Au32]-Co3(L)4(NCS)2-[Au48] at
(a) 0.25 V and (b) 1.0 V.


