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Abstract: We theoretically investigate the charge and spin transport through a binuclear FeIIIFeIII iron
complex connected to two metallic electrodes. During the transport process, the FeIIIFeIII dimer undergoes
a one-electron reduction (Coulomb blockade transport regime), leading to the reduced mixed-valence FeII

FeIII species. For such a system, the additional electron may be fully delocalized leading to the stabilization
of the highest spin ground state S ) 9/2 by the double exchange mechanism, while the original FeIIIFeIII

has usually an S ) 0 spin ground state due to the antiferromagnetic exchange coupling between the two
FeIII ions. Intuitively, the spin delocalization within the mixed-valence complex may be thought to favor
charge and spin transport through the molecule between the two metallic electrodes. Contrary to such an
intuitive concept, we find that the increased delocalization leads in fact to a blocking of the transport, if the
exchange coupling interaction within the FeIIIFeIII dimer is antiferromagnetic. This is due to the violation of
the spin angular momentum conservation, where a change of half a unit of spin (∆S ) 1/2) is allowed
between two different redox states of the molecule. The result is explained in terms of a double-exchange
blockade mechanism, triggered by the interplay between spin delocalization and antiferromagnetic coupling
between the magnetic cores. Consequently, ferromagnetically coupled dimers are shown not to be affected
by the double-exchange blockade mechanism. The situation is evocative of the onset and removal of giant
magnetoresistance in the conductance of diamagnetic layers, as a function of the relative alignment of the
magnetization of two weakly antiferromagnetically coupled ferromagnetic contacts. Numerical simulations
accounting for the effect of vibronic coupling show that the spin current increases as a function of spin
delocalization in Class I and Class II mixed-valence dimers. The signature of vibronic coupling on sequential
spin-tunneling processes through Class I and Class II mixed-valence systems is identified and discussed.

Introduction

The ambitious quest for the ultimate miniaturization of
electronic devices has fostered a very intense research activity
on molecular electronics and spintronics.1 Molecular nanomag-
nets represent a particularly fertile ground for nanospintronics,
as it is expected that the possibility of controlling the slow
dynamics of their magnetization via spin currents could have
ground-breaking applications in the very promising quest for

molecular spin qubits for quantum computation.2 Pioneering
electron transport experiments performed on a cobalt complex,3

on a vanadium dimer,4 Mn12ac,5 and a single Mn2+ ion complex6

have clearly shown that electron transport through molecular
nanomagnets provides a probe for strong electron correlation
effects, which leads to phenomena such as the Coulomb
blockade, cotunneling, and Kondo resonance.
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One class of binuclear transition metal complexes that has
been proposed as particularly promising for molecular conduc-
tion consists of mixed-valence molecular wires, i.e. typically
Ru(II)Ru(III) mixed-valence dimers, where the two metals with
formally different oxidation states, are linked by π-conjugated
spacers.7-9 Mixed-valence compounds allowing for long-range
intramolecular electron transfer are thus advocated as potentially
efficient systems for the expanding domain of nanojunctions.8,9

A natural generalization of mixed-valence molecular wires
emerges by considering mixed-valence dimers with a magnetic
core. Such systems could in fact provide excellent candidates
for molecular spintronics, since, in addition to the efficient
intercenter electron transfer, they provide additional magnetic
degrees of freedom that can be manipulated via spin currents.

The primary goal of this work is to investigate mixed-valence
Fe(II)Fe(III) magnetic dimers as devices for molecular spin-
tronics. Fe(II)Fe(III) dimers have the same number of valence
d-electrons as Ru(II)Ru(III) dimers and share their tendency to
delocalize the excess electron. However, the multielectronic
states of Fe(II)Fe(III) mixed-valence dimers are markedly
different from those of Ru(II)Ru(III), mainly because the
electronic structure of the local ions is described by high-spin
configurations, which lead to exchange-coupled “magnetic
cores” in the dimer structure. Thus, as we will briefly review
later in this work, the energetics of the final electronic states
for mixed-valent Fe(II)Fe(III) dimers is strongly dependent on
the interplay between exchange coupling between magnetic
cores and the extent of excess-electron transfer between the iron
cores. A well-known example of a highly delocalized mixed-
valence iron dimer, representing one of the systems that are
the focus of this work, is the compound10 [Fe2(OH)3(tmtacn)2]2+

(tmtacn ) N′,N′′,N′′′-trimethyl-1,4,7-triazacyclononane), whose
structure is represented in Figure 1, within an idealized setting
for a molecular device.

Although several theoretical studies have already appeared
in the literature describing spin transport of weakly anisotropic
magnetic molecules,11-14 interestingly, all previous works have
systematically neglected the mixed-valence character of the
reduced states resulting from the charging process. Reduced
states have in fact been described solely in terms of a Hund
rule type interaction between the spin of the injected electron
and the total spin of the oxidized exchange states. In other words,
the effects of direct chemical bonding between neighboring
metal ions, leading to strong intramolecular charge-transfer
effects of the itinerant electron, have always been neglected.
The first description of intramolecular charge transfer effects
on spin transport of magnetic molecules has been introduced
in a recent work by two of the present authors.15 However, in
that work only strongly anisotropic noncollinear magnetic
molecules were investigated, in which exchange coupling
between magnetic centers represents only a small perturbation.

Thus, the effect of intramolecular charge transfer on spin
transport through strongly exchange-coupled (and weakly aniso-
tropic) systems such as mixed-valence complexes remains to
date unexplored and represents the focus of this work.

Spin-delocalization effects in mixed-valence systems are
described by the double-exchange mechanism, within the
model introduced by Anderson and Hasegawa,16 and subse-
quently rationalized in exchange-coupled magnetic molecules
by Girerd17 and others.18-22 Mixed-valence systems are
traditionally classified by the extent of delocalization of
the additional electron, ranging from complete localization
(Class I) to complete delocalization (Class III).23 Thus
[Fe2(OH)3(tmtacn)2]2+ is a well-known example of a Class III
mixed valent system, whereas the [Fe2S2]+, the core iron dimer
of e.g. the reduced [Fe2S2](S-Cys)4 complex (Cys ) cysteinyl
ligands) present in reduced Fe2S2 ferredoxin proteins,24 is a well-
known example of a Class II mixed valence system with a
magnetic core.10 Imidazolate-bridged divanadium complexes,
mixed-valence systems with a magnetic core, have been recently
characterized as fully delocalized Class III compounds with a
high-spin ground state.25

As extensively described in the chemical and physical
literature,16-22 the characterizing trait of mixed-valence systems
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Figure 1. Idealized scheme of a typical molecular device considered in
this work, consisting of an Fe(II)Fe(III) mixed valence iron dimer, in the
picture represented by the class III mixed-valence iron dimer
[Fe2(OH)3(tmtacn)2]2+ compound (hydrogen nuclei not shown), connected
to two metal electrodes (blue rods) kept at different chemical potentials by
an applied bias voltage VB (the occupied energy leveles in the electrodes
are represented by a red shaded area). The structure is ideally deposited on
an insulating layer (green base) kept at a fixed potential VG, which provides
the source of an additional static electric field or gate voltage, which can
be used to tune the energy gaps between the states of the neutral and the
charged species (see text for additional details).
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such as Ru(II)Ru(III) and Fe(II)Fe(III) dimers consists of the
delocalized character of the excess electron, to a greater or lesser
extent, between the two metal ions. Whereas in Ru(II)Ru(III)
systems the extent of delocalization is strongly mediated by the
coupling between ions and bridging ligands, in Fe(II)Fe(III)
dimers delocalization mechanisms can be more direct, involving
direct metal-metal bonding.17 If the metal centers of the
oxidized dimer precursor of the mixed-valent species are
magnetic ions coupled antiferromagnetically, such as in the
Fe(III)Fe(III) oxidized species considered in this work, the
chemical bonding of the mixed-valence dimer obtained upon
reduction cannot be described solely in terms of the excess
electron delocalization. In fact, as mentioned above, bonding
will be the result of the interplay between two competing
mechanisms: (i) the electron transfer between iron cores via a
direct metal-metal bond, which tends to delocalize the excess
electron, and (ii) the antiferromagnetic exchange coupling
between the magnetic cores, which tends to localize the excess
electron on one of the two metal ions. Thus, as illustrated in
Figure 2 and further detailed in the next section, the electron
transfer process between the two magnetic ions can couple
two equivalent antiferromagnetically coupled configurations:
Fe(II)Fe(III) and Fe(III)Fe(II). For very weak electron transfer
rates, the spectrum consists of two almost identical copies of
the Heisenberg exchange coupled spectrum characterizing the
two equivalent configurations, slightly split by the electron
transfer process. The doubling of Heisenberg exchange energy
levels caused by intramolecular charge transfer represents the
reason why the process is named “double exchange”.17

The origin of the two competing delocalization and localiza-
tion processes, at the heart of the double-exchange mechanism,
and unique to mixed-valent systems with a magnetic core, are
illustrated in Figure 2, where the relevant octahedral d-orbital
configurations for Fe(II)Fe(III) dimers are considered. In systems

with strong metal-metal bonds (class III), such as the
[Fe2(OH)3(tmtacn)2]2+ dimer reported in Figure 1, the delocal-
ization tendency of the double exchange mechanism prevails
over the antiferromagnetic exchange coupling, which dominates
in the oxidized dimer Fe(III)Fe(III), leading to a spin-unpairing
process upon reduction: the antiferromagnetic Fe(III)Fe(III)
dimer turns into the ferromagnetic Fe(II)Fe(III) mixed-valence
system upon charging, to favor spin delocalization.

On a purely intuitive level, one would expect Class III mixed-
valence magnetic molecules to serve as excellent intermediate
reduced states in spintronics conduction processes, by virtue of
the fact that sequential spin tunneling is mediated by states in
which the “itinerant spin” is fully delocalized over all magnetic
centers. Here we show that in fact the spin current is completely
blocked when the reduced magnet is a Class III compound.
Moreover, the conditions whereby the vibronic states of Class
I and Class II mixed-valence systems can serve as optimal
intermediate states in the sequential spin-tunneling transport
process are identified and discussed.

Redox States and Coulomb Blockade Transport

Transport experiments on magnetic molecules in break-
junctions setups have shown that the most relevant transport
regime is Coulomb blockade (CB).3-5

The Coulomb blockade transport regime is a noncoherent
transport regime that occurs in molecular devices in which the
coupling between the molecule and the metal contacts is
relatively weak. This condition is often realized in metal
complexes: even if it is in principle possible to design ligands
capable of binding the electrodes quite strongly, the ligand-metal
bonds are usually relatively weak, so that the effective coupling
between the metal sites on the molecule, and the electrodes, is
often quite small. In this case, the journey of the itinerant
electron between the source and the drain electrodes is relatively
slow, so that the transmission of the electron from source to
drain contacts occurs via an intermediate process, namely, the
reduction of the molecular complex.

The CB conduction process thus occurs in two steps. First
the occupied states on the source electrode exchange one
electron with the N-electron molecule and give rise to an N +
1-electron reduced species. Second, the reduced complex
exchanges one electron with the empty states on the drain
electrode, thus returning into an oxidized state, and transmitting
the electron current to the drain. This two-step tunneling process
is also named sequential tunneling, since tunneling from source
to drain can only occur as a sequence of one-electron charging
(step one) and discharging (step two) processes. In order for
the full two-step tunneling process to occur and a nonzero
current to be measured at the drain electrode, the difference
between the chemical potential of the oxidized N-electron
species and the chemical potential of the reduced N+1-electron
complex must be smaller than, roughly, the applied bias voltage
VB (see Figure 3). In other words, the energy provided by the
external voltage must be sufficient for the intermediate reduction
process to occur. However, in metal complexes the charging
energy is typically quite large due to electron repulsion on the
metal sites, so that the chemical potential of the reduced complex
typically lies too high above that of the oxidized species for
the itinerant electron to carry out the reduction (see Figure 3,
on the left). The impossibility of charging the complex due to
large Coulomb repulsion between the itinerant electron and the
electrons making up chemical bonds on the molecular device
leads to a blockage of the tunneling process, representing the

(25) Bechlars, B.; D’Alessandro, D. M.; Jenkins, D. M.; Iavarone, A. T.;
Glover, S. D.; Kubiak, C. P.; Long, J. R. Nat. Chem. 2010, 2, 362.

Figure 2. Illustration of the double exchange mechanism: interplay between
the delocalization tendency of the charge transfer process between the two
iron ions, favored by ferromagnetic coupling between magnetic cores, and
the localization tendency of antiferromagnetic coupling between the
magnetic Fe(III) cores. The electron occupation of the valence d-shell
orbitals for the two iron ions in the dimer is illustrated for the Fe(II) and
Fe(III) oxidation states involved in the double-exchange process, assuming
locally quasi-octahedral ligand fields. Resonance between different valence
configurations is indicated by dashed double arrows. The excess electron
responsible for spin-delocalization is encircled (red). Top: Antiferromagnetic
coupling leads to antiparallel alignment of the magnetic Fe(III) cores, which,
in turn, hinders delocalization of the excess electron, due to unfavorable
Hund-rule coupling between the excess electron and the local magnetic
core. Bottom: Ferromagnetic coupling between the Fe(III) cores, on the
other hand, favors electron delocalization via the double-exchange mechanism.
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essence of the Coulomb blockade mechanism. The application
of an external electric field (the gate voltage VG) can stabilize
the charged states, making the reduction process less energeti-
cally expensive (i.e., lowering the chemical potential of the
reduced species; see Figure 3, on the right), thus removing the
Coulomb charging barrier and giving rise to a sequential
tunneling current.

In this work we consider a molecular device setup which
consists of two electrodes kept at different chemical potentials
by an external bias voltage (VB), coupled to an Fe(III)-Fe(III)
dimer (see Figure 1). An additional gate voltage is applied (VG).
To simulate CB transport it is necessary to have a model for
the different redox states of the molecular device, which will
be created by electron injection from the source and electron
withdrawal from the drain. Neglecting the effects of spin-orbit
coupling, the lowest lying states of the noncharged nanomagnet
with n unpaired electrons well localized on N metal centers with
local spin s are well described by the Heisenberg exchange
Hamiltonian:

where J is the exchange coupling constant between nearest
neighbors.

In previous studies on spin transport through exchange-
coupled polynuclear complexes, the states of the reduced
magnetic molecule have always been approximated by exchange
coupled states formed by coupling the spin states of the oxidized

system with the spin of the additional electron. Effects related
to the occupancy of local d-orbitals on single metal centers by
the additional electron, and the effect of hopping processes
between metal cores, have only been considered for strongly
anisotropic magnetic molecules.15

However, fundamental features characterizing the electronic
structure of mixed valence compounds, such as spin localization
or delocalization, described by the interplay between superex-
change, double-exchange, and vibronic coupling mechanisms,
are intrinsically rooted in the hopping process of the additional
electron between metal centers.

Consequently, the following model Hamiltonian for the
reduced magnetic states is considered here:15

where ε is the energy of a set of spin-orbitals localized on the
metal sites (e.g., the metal d orbitals), cpσ

† are creation operators
for the on-site spin-orbitals, npσ ) cpσ

† cpσ, � is a hopping
parameter between centers, U is the Coulomb repulsion between
two electrons on the same center, σp are Pauli matrices
associated to an electronic spin injected on site p, and JH is the
Hund’s rule coupling between the spin of the excess electron
on site p and the spin moment sp on that center (JH < 0). Here
we confine ourselves within the region around the first CB
diamond, where only singly charged states are relevant together
with the neutral ones. This is formally achieved by setting U
f ∞.

Further simplification of the Hamiltonian eq 2 occurs by
analyzing the detailed electronic structure change in the Fe(III)
f Fe (II) reduction process. The electronic structure of the
oxidized Fe(III) ion is described by a high spin term (s ) 5/2),
in which the crystal-field split d-orbitals are all occupied by a
single electron. Regardless of the crystal field around the iron
ions (typically a trigonal distortion of a perfect octahedral
environment) and the resulting splitting pattern of the d-orbital
manifold, the injected electron during the transport process will
occupy a semioccupied orbital in the d-shell, pairing up its spin
with the electron occupying the lowest lying d-orbital (or
degenerate manifold; see Figure 2). By virtue of the Hund’s
coupling rule, described by the last term in the Hamiltonian eq
2, the four remaining unpaired d-electrons give rise to a high-
spin electronic ground term, corresponding to on-site spin s )
2. Thus, to describe charging processes occurring at low bias
and gate voltages, we can consider only those singly charged
mixed-valence states resulting from the interplay of the Heisen-
berg antiferromagnetic exchange coupling between two sets of
on-site electronic terms with fixed spins (one with s ) 2, the
other with s ) 5/2), interchanged by a one-electron transfer
process.

These are very well-known states.17 Let us name |SM(A)〉 (S
) 1/2, 3/2,..., 9/2), the spin states of the exchange-coupled
Fe(II)Fe(III) configuration, and |SM(B)〉, the exchange spin states
of the configuration Fe(III)Fe(II). The simplest representation
of the mixed valence states is thus obtained by taking the
bonding and antibonding combinations of |SM(A)〉 and |SM(B)〉.

Figure 3. Illustration of the Coulomb blockade mechanism and its
“unblockage” via an applied gate voltage (VG). Two energy schemes are
shown (left and right), each representing the different components (two
electrodes and one molecule) of a molecular device. The electrodes are
represented by a continuum of energy levels. The occupied levels are shaded
in a lighter color (yellow); the empty levels are shaded in a darker color
(blue). The border between the lighter and darker shadings in the electrodes
represents the quasi-equilibrium chemical potential of that electrode, kept
higher (lower) in the source (drain) electrode by the applied bias voltage
(VB). Tunneling conduction processes can occur only via molecular states
whose energy lies within the conduction window, the energy region
highlighted via a light shading (green) horizontally crossing the diagram.
The chemical potentials associated with the N-electron oxidized (µN) and
the N + 1-electron reduced (µN+1) molecular complexes are represented by
discrete energy levels. Although both oxidized and reduced chemical
potentials can vary as a function of VG, the state with higher charge (N +
1) will vary faster, and for some value of VG the two states will be in
resonance. Assuming that both chemical potentials vary linearly with the
gate field, we plot here only the gap between the two redox states, setting
µN as an effective zero, for ease of visualization. Left: In the Coulomb
blockade regime the chemical potential of the reduced molecular species
lies outside the conduction window; thus the itinerant electron does not
have enough energy to change the redox state of the N-electron molecule,
and the conduction is blocked. Right: An external electric field (gate voltage)
lowers the chemical potential of the N + 1-reduced chemical species,
favoring the reduction process and, eventually, setting a sequential tunneling
current in the molecular device.
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The resulting spectrum is described by the well-known
expression17

where the + (-) sign refers to symmetric (antisymmetric)
combinations and Beff ) �/(2s0 + 1) is the effective coupling
constant for the intercenter electron-transfer process (s0 ) 5/2).
The behavior of the energy spectrum described by eq 3 as a
function of Beff/J is reported at the top of Figure 4. For large �
(i.e., direct metal-metal bond), the symmetric combination of
S ) 9/2 high-spin states gains enough delocalization energy to
become the 10-fold degenerate ferromagnetic ground state. On
the other hand, if exchange coupling J is the dominant energy
scale, the resulting spectrum consists of two almost-degenerate
copies of the usual Heisenberg spin ladder spectrum, where each
spin rung is weakly split by the electron transfer interaction.
When � is small (Beff/J < <1), the ground and first excited
manifolds of the Fe(II)Fe(III) mixed-valence compound are both
doublets (see Figure 4).

To describe the extent of localization or delocalization of the
charging electron over the two Fe-centers for different values
of �/J, it is also necessary to take into account symmetry
breaking processes associated with vibronic coupling. Vibronic
coupling arises in mixed valence systems from the fact that when
the additional electron is localized on the first iron center, giving
rise to the collective spin state |SM(A)〉, the local spin state on
center A (the one with lower spin sA ) 2) makes the local

breathing mode qA stiffer than the same breathing mode qB

localized on center B (with higher local spin sB ) 5/2). The
converse is true when the electron is localized in |SM(B)〉. It
can thus be shown that the normal mode q- ) 2-1/2(qA - qB)
leads to a transfer assisted vibronic coupling mechanism between
the |SM(A)〉 and |SM(B)〉 spin states.26 Let the elastic constant
for the mode q- be k- and the vibronic coupling constant be
λ-. The vibronic problem written on the basis of the symmetric/
antisymmetric superposition of the states |SM(A)〉 and |SM(B)〉
reads27

In the adiabatic limit, the spin-dependent potential energy
curves are easily obtained by diagonalization of eq 4 and can
be written as functions of the dimensionless vibrational coor-
dinate �- ) q-/(λ-/k-) as

The propensity of the charging electron to valence trapping
is related to the ratio Beff(S + 1/2)/(λ-

2 /k-) in the potential curves
(eq 5). From eq 5 it is in fact clear that large electron transfer
rates imply that the ground state is described by a high-spin
adiabatic potential similar to a parabolic potential with the
minimum at �- ) 0 (Class III systems), whereas small hopping
rates lead to an instability in the low-spin ground state potential,
resulting in a double-well potential with two displaced minima,
as illustrated in Figure 4 (Class II and Class I systems).17,28

To introduce dynamical effects in the vibronic coupling
problem for the reduced states, especially important in the weak
electron-transfer limit, we adopt here the “diabatic” approach.
In other words, we first find the states of Hamiltonian eq 4
neglecting at first electron-transfer processes. The resulting
electronic states are the original |SM(A)〉 and |SM(B) 〉, and the
energies provide harmonic potentials for two displaced harmonic
oscillators with energy minima at �-

A ) -λ-/k- and �-
B ) +λ-/

k-. Thus we can write the vibronic basis as

where �n(� - �-
i ) are the harmonic oscillator eigenfunctions

centered at �-
i with quantum number n. The final vibronic states

(26) Piepho, S. B.; Krausz, E. R.; Schatz, P. N. J. Am. Chem. Soc. 1978,
100, 2996.

(27) Blondin, G.; Girerd, J.-J. Chem. ReV. 1990, 90, 1359.
(28) In the class I mixed-valent compounds, according to the Robin and

Day classification, the two metal sites belong to different chemical
elements. Therefore the model in eq 2 should include a parameter
describing the difference of the orbital energies on the two metal sites
for the itinerant electron; also the parameters U and JH should be taken
differently for the two metal sites. We note, however, that by varying
the bias voltage we can bring the orbital energies on the metal sites
in resonance, thus reducing effectively the class I compound to the
class II one.

Figure 4. Top: Energy spectrum of an antiferromagnetic Fe(II)Fe(III)
mixed-valence dimer as function of the effective double-exchange parameter.
The total spin of the ground state is indicated, and spin transitions occurring
in the ground state as a function of Beff are indicated by dashed vertical
lines. Bottom: Adiabatic potential energy curves for the spin states of a
typical antiferromagnetic Fe(II)Fe(III) Class II mixed-valence dimer. The
antiferromagnetic exchange parameter J, double-exchange parameter Beff,
and the vibronic stabilization energy EJT ≡ λ-

2 /k- are the experimental
values10 reproducing the spectrum of the Class II mixed-valence dimer
[Fe2S2]+: J ) -360 cm-1, Beff ) -965 cm-1, λ-

2 /k- ) 3660 cm-1.
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are obtained by diagonalizing the electron-hopping Hamiltonian
on the basis of eq 6, choosing NVib + 1 vibrational states for
each of the two noninteracting displaced harmonic wells. The
vibronic matrix is reported in eq 1 of the Supporting Information.
Once the vibronic wave functions for the redox states are
determined, the Coulomb-blockade transport problem can be
easily set up and solved. The relevant details of the methodology
followed in this work for the calculation of the charge and spin
currents are reported in the Supporting Information.

Results and Discussion

In the CB regime, an applied bias voltage alone cannot cause
any current flow, since the states of the reduced species lie
higher in energy with respect to the states of the oxidized species
(see Figure 3, left side). To remove the blockade, an additional
source of energy must be provided, via an external electric field
(gate voltage, see Figure 3, right side), which should match at
least the lowest energy gap between the states of the oxidized
and reduced species (see Figure 5). Thus, given that generally
iron dimers are antiferromagnetically coupled, the Fe(III)Fe(III)
f Fe (II)Fe(III) charging process will couple the singlet ground
state of the antiferromagnetic Fe(III)Fe(III) dimer and the ground
state of the mixed valence system Fe(II)Fe(III).

It follows that different values of Beff/J can lead to qualita-
tively different charging processes. In fact, as it is shown in
Figures 5 and 6, for any value of Beff/J, the ground state of the
Fe(III)Fe(III) dimer always remains a singlet, while that of the
mixed-valence Fe(III)Fe(II) dimer varies from 1/2 to 9/2
depending on Beff/J. As a consequence, as a function of Beff/J,
four spin transitions can occur, and five different mixed-valent
ground states will be formed upon charging (see also top of
Figure 4). As illustrated in Figure 5, assuming without loss of
generality that the ground state of the mixed-valent dimer is
separated in energy from the S ) 0 ground state of Fe(III)Fe(III)
by a gap of 40J, it will be necessary to apply a gate voltage VG

) 40J to remove the Coulomb blockade and observe a (spin)
tunneling current. However, the total spin of the mixed-valence
state that is in resonance with the S ) 0 state when the gate

voltage VG ) 40J is applied will be strongly dependent on the
extent of electron delocalization in the mixed-valent system:
thus if Beff/J ≈ 2, the charged mixed-valent state S ) 1/2 will
be in resonance with the neutral S ) 0 (see Figure 5 a), whereas
if Beff/J ≈ 8, then at VG ) 40J the resonance will occur between
the charged S ) 7/2 Fe(II)Fe(III) ground state and the S ) 0
neutral Fe(III)Fe(III) ground state (see Figure 5 c). In the latter
case, the current will be carried by the S ) 7/2 mixed-valent
state, whereas in the former case it will be carried by the S )
1/2 mixed-valent state.

However, any one-electron reduction process responsible for
CB sequential tunneling transport can only change the ground
state spin angular momentum of the oxidized species by half a

Figure 5. Dependence of the energy gap between the electronic states of neutral (solid lines) and singly charged (dashed lines) iron dimer on the applied
gate voltage (VG), for different extents of electron transfer: (a) Beff/J ) 2, (b) Beff/J ) 6, (c) Beff/J ) 8, (d) Beff/J ) 10. Sequential tunneling conductance can
be observed only when the S ) 0 and S ) 1/2 states are brought to resonance by the external gate voltage, as in the subfigure (a). The S ) 1/2 energy level
is indicated with a dashed bold line. S0 labels the spin of the ground state of the charged dimer. It is assumed here that, for VG ) 0, the gap between the
ground states of neutral and charged species is equal to 40J (if J ≈ 200 cm-1, the gap is ∼1 eV). This implies that the minimal gate voltage necessary to
bring to resonance the ground states of neutral and charged species is VG ) 40J. Note that, only in the weak transfer limit (Beff/J ) 2), VG ) 40J is sufficient
to remove the Coulomb blockade regime.

Figure 6. Dependence on the extent of electron transfer (Beff/J) of the lowest
lying charging-process for an antiferromagnetic (top) and a ferromagnetic
(bottom) Fe(III)Fe(III) dimer. The blue arrows indicate the lowest energy
charging process mechanism. The red “forbidden signs” in the top portion
indicate spin-angular mometum forbidden charging processes for an
antiferromagnetic dimer beyond some threshold value of Beff/J, representing
the double-exchange spin-blockade mechanism (see text).
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unit, as it is also evident from the matrix elements determining
the transition rates in eqs 3 of the Supporting Information. Thus,
within the sequential tunneling transport process, it is only
possible to reduce the Fe(III)Fe(III) singlet ground state if Beff/J
is small enough to allow a mixed-Valence S ) 1/2 ground state,
which is only for Class I and certain Class II systems. In the
example illustrated in Figure 5, only in the first case (Figure
5a) at VG ) 40J it will be possible to measure a tunneling
current, whereas in the other three cases the system will remain
in a blockade regime and no current will be measured.

In other words, if the ground state of the mixed-valence dimer
has undergone spin transition (i.e., if S ) 1/2 is not the ground
state anymore), the charging one-electron process with the
lowest energy cost becomes forbidden (see top of Figure 6).
Hence, the matrix elements defining the transition rates reported
in eq 3 of the Supporting Information are identically zero, no
population transfer between the oxidized and reduced species
is allowed to occur even if enough energy is provided by the
gate voltage, and ultimately, no current can flow through the
molecular device.

We define here the mechanism underlying this blocked
sequential tunneling regime the double-exchange blockade
mechanism (see top of Figure 6). Note that in Class III systems
the double-exchange blockade mechanism will be equally active
for R and � electrons and for any value of the spin polarization
of the ferromagnetic source. Thus, not only the spin current
but also the charge current, sum of R and � spin-polarized
currents, will be completely blocked in Class III mixed-valence
systems. We note that the recently reported experimental
observation of spin-blockade phenomena in the sequential
tunneling conductance spectrum of a Mn2+ mononuclear com-
plex6 is not related to the mechanism hereby described, being
rooted in a spin transition induced by the external gate voltage.
On the other hand, the double-exchange (spin and charge)
blockade can be expected to occur only in polynuclear
complexes, by virtue of the interplay beteween antiferromagnetic
superexchange and spin delocalization.

The scenario is completely different if the exchange coupling
interaction is ferromagnetic in the oxidized species. In this case,
both ground states of the oxidized and reduced species are
described by high-spin states (S ) 5 for the oxidized, and S )
9/2 for the reduced system), their spin angular momenta differing
only by half a unit (∆S ) 1/2) for any value of Beff/J (see bottom
of Figure 6). Under these relatively rare circumstances, the
molecular device will always work as a sequential-tunneling
conductor, under a gate voltage bringing the oxidized S ) 5
and the reduced S ) 9/2 ground states into resonance. This
radically different behavior of ferromagnetic and antiferromag-
netic Class III compounds is evocative of the giant magnetore-
sistance effect in diamagnetic layers sandwiched between two
ferromaganetic electrodes that are weakly antiferromagnetically
coupled. Thus, as antiferromagnetic coupling in class III mixed
valence dimers quenches charge and spin sequential tunneling
currents, so the onset of giant magnetoresistance is observed in
diamagnetic channels for antiparallel alignment of the weakly
antiferromagnetically coupled ferromagnetic electrodes. On the
other hand, as the giant magnetoresistance effect ceases to exist
when the ferromagnetic electrodes are driven parallel by a weak
external magnetic field, similarly, the double-exchange blockade
is removed in ferromagnetic mixed-valence dimers.

Clearly, beyond these similarities, there exist important
differences between the two phenomena, mainly due to the fact
that giant magnetoresistance is triggered by the relative orienta-

tion of two blocked thermodynamic magnetic phases, whereas
ferromagnetic and antiferromagnetic coupling in iron dimers is
due to coherent microscopic coupling mechanisms of electro-
static origin, resulting in isotropic time-reversal symmetric
quantum spin states. Accordingly, giant magnetoresistance is a
purely magnetic effect differentiating between electrons with
opposite spin polarizations. As such, it can only be relevant for
spin currents. On the contrary, the double-exchange blockade
mechanism results from quantum interference between the wave
function of the additional injected electron hopping between
magnetic centers and the ferromagnetic or antiferromagnetic
quantum spin states of a single molecule. If the coupling is
antiferromagnetic, the ground state of the mixed-valence system
that undergoes spin transition as a function of spin delocalization
will be unaccessible to the itinerant electron coupled to the
oxidized singlet state, regardless of the spin polarization of the
tunneling electron. The double exchange blockade will thus be
active not only for spin currents but also for charge currents.
These conclusions are very general and are independent of the
effect of vibronic coupling. Clearly, higher order mechanisms
can be active nevertheless, such as cotunneling.14 However, for
weak electrode-molecule coupling, these effects are orders of
magnitude smaller than sequential tunneling currents and will
be neglected in the present work.

On the other hand, vibronic effects become crucial to
investigate spin transport through localized (Class I and II)
mixed-valence systems. Here we simulate sequential spin-
tunneling conduction in Fe(III)Fe(III) dimers, including in our
calculations only the singlet and triplet states for the neutral
species as well as the two doublets and two quartets describing
the mixed-valence lowest lying spectrum in the weak delocal-
ization limit. We assume in our simulation that the source
electrode is fully spin polarized (νL

v ) 1 in eqs 3 of the
Supporting Information) and the drain is nonmagnetic (νR

v ) νR
V

) 1/2 in eqs 3 of the Supporting Information). For convenience,
we fix the parameters related to the vibrational and vibronic
problem to typical experimental values for the [Fe2S2]+ Class
II complex core10 (pωvib ) 310 cm-1 for the vibrational
quantum, the reduced mass µ ) 32 g mol-1, the vibronic energy
λ-

2 /k- ) 3660 cm-1).
After a systematic investigation of the effect of increasing

the vibrational basis set on the eigenvectors and eigenvalues of
the vibronic matrix (see eq 1) of the Supporting Information,
we find that the minimal basis capable to reproduce all vibronic
features of the Coulomb blockade spin-transport I-V diagram
consists of 12 harmonic oscillator states (6 for each of the 2
displaced potential wells) for each spin state. The results of the
calculations are shown in Figure 7. The spin current as a function
of Beff/J (J is chosen here to be of the same order as the
vibrational quantum pωvib) displays two discontinuities, thus
identifying three distinct spin-transport regimes (Figure 7a). For
small Beff/J, the current grows nonlinearly as a function of the
delocalization extent. At Beff/J ≈ 1.7 the spin current experiences
a discontinuity, suddenly dropping to less than half its magni-
tude. For Beff/J > 1.7 the spin current magnitude starts to grow
again, up to Beff/J ≈ 2.3, when it suddenly drops to zero. Thus,
given |J| ≈ pωvib, the prediction is that for Beff/J > 2.3 the spin
current will be completely suppressed, despite the growing
delocalization extent of the reduced mixed-valence states.

The behavior of the spin current as a function of the spin-
delocalization extent can be readily understood in terms of (i)
the vibronic spectrum of the mixed-valence reduced species (see
Figure 7b) and (ii) the Franck-Condon overlap factors (see
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Figure 7c) between oxidized and reduced vibronic wave
functions. In the weak delocalization regime, the ground and
first excited vibronic states (λ ) 1 and λ ) 2) of the reduced
species consist of two weakly split doublets (bonding and
antibonding combinations of eq 6). The energy gap between
the two doublets grows as function of Beff/J, up to ∼7 cm-1 at
the first discontinuity. The next excited vibronic states consist
again of two weakly split doublets (λ ) 3 and λ ) 4), separated
from the ground state by approximately one vibrational quantum.
Thus, the four lowest lying vibronic states of the reduced mixed-
valence system are all spin-angular momentum accessible from
the singlet ground states in one-electron charging precesses.
Furthermore, the energy gap between the ground (ν ) 0, S )
0) and first excited (ν ) 1, S ) 0) vibronic states of the oxidized
species is exactly pωvib, and thus the two states can both be
brought simultaneously in resonance with the four lowest lying
doublets of the reduced system, by a gate voltage of appropriate
magnitude. Four different charging processes are responsible
for sequential tunneling through the Fe(III)Fe(III) dimer: two
from the ν ) 0 oxidized vibronic singlet to the λ ) 1, 2 reduced
doublet states and two from the first excited vibrational singlet
state (ν ) 1) to the two reduced vibronic doublets λ ) 3, 4
(see Figure 7b).

These four processes all require approximately the same
energy; thus they will all contribute to spin transport. Since the
harmonic oscillator functions of the oxidized and reduced
species are displaced with respect to each other by |�-

A - �0| )
|�-

B - �0| ) λ-/2k-, Franck-Condon (FCn, n+1) factors (i.e.,
square of overlaps between vibronic wave functions) will appear
in the calculation of the transition rates reported in eqs 3 of the
Supporting Information. The quantities FCn, n+1 for the four
contributing transitions are plotted in Figure 7c as a function
of Beff/J. It is evident from the plot that the overlap factors
associated with the two transitions (ν ) 0 f λ ) 1 and ν ) 1
f λ ) 4) grow larger as a function of the double-exchange
parameter, whereas the remaining two transition overlaps grow
weaker with increasing spin delocalization. This behavior is
consistent with the spin-delocalization process. For instance,
the lowest mixed-valence doublet consists mainly of the
symmetric mixing (bonding combination) of two displaced ν
) 0 functions. With increasing spin delocalization, vibrational
excited states mix in, rapidly shifting the probability density of
the two ν ) 0 functions toward the “bonding region”, i.e. toward
the center, where lies the probability maximum for the oxidized
vibrational wave function ν ) 0. On the other hand, the
antibonding combination starts off already with low density in
the bonding region, and as Beff/J grows larger, the excited states
mix-in process only slowly pushes the probability density out
of the central region, thus diminishing its overlap with the
oxidized vibrational ground state. The fast growth of FCn, n+1

for two of the dominant charging processes as a function of
Beff is of course a direct consequence of the decreasing depth
of the double-well potential (see bottom of Figure 4) with
increasing spin delocalization, and it explains the rapid increase
of spin current Vs Beff observed in Figure 7a. Thus, for weak
delocalization energy Beff, mixed-valence dimers are found to
behave as one would intuitively expect. However, this intuitive
behavior can only be expected until the first spin transition
occurs, after which the onset of the double-exchange blockade
will rapidly quench charge and spin sequential tunneling
transport.

Finally, the two discontinuities appearing at Beff/J ≈ 1.7 and
Beff/J ≈ 2.3 are explained in terms of vibronic level crossings
in the spectrum of the mixed-valence system (see Figure 7b;
the vibronic level crossings are highlighted with red ovals). The
first crossing occurs between a high-lying vibronic quartet (S
) 3/2, λ ) 5) and the excited doublets λ ) 3 and λ ) 4. A
finer grid would actually show two different discontinuities,
associated with the two different level crossings. The reason
why the current drops after the level crossing is associated with
a partial double-exchange blockade mechanism, in that two of
the four accessible vibronic transitions are replaced, after
crossing, by new spin-forbidden transitions S ) 0 f S ) 3/2.
However, after the first level crossing, two charging processes
are still spin-allowed, and the current, although weaker, starts
increasing again as a function of spin delocalization, by virtue
of the Franck-Condon increasing overlap for the ν ) 0f λ )
1 process. At Beff/J ≈ 2.3, a second level crossing occurs, which
changes the ground state of the mixed-valence species from a
doublet to a quartet. After this second level crossing, the double-
exchange spin blockade mechanism previously described is fully
active, and no current is allowed to tunnel through the
Fe(III)Fe(III) dimer.

According to our model, [Fe2S2]+ mixed-valence complexes,
Class II systems with a doublet ground state,10 are predicted to
be conductive in the sequential tunneling regime. On the other

Figure 7. Spin-transport calculations for a weakly delocalized (Class I
and Class II) mixed-valence Fe-dimer: (a) spin current as well as (b) oxidized
and reduced lowest lying vibronic energy spectrum and (c) square of the
overlap between oxidized and reduced vibronic wave function, all plotted
as function of spin-delocalization Beff/J. In part (b) the gap between the
oxidized and the reduced manifolds of vibronic states is arbitrary and can
be modulated via a gate voltage. The dashed black lines accross the three
pictures indicate the values of Beff/J for which level crossing (LC) occurs.
The blue vertical arrows indicate the allowed pairs of charging processes:
two pairs before the first LC, one pair between the first and second LC.
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hand, we predict the oxidized dimer of the [Fe2(OH)3(tmtacn)2]2+

Class III system10 to be nonconductive, by virtue of the double-
exchange blockade mechanism.

Conclusions

We have theoretically investigated molecular conductance
through mixed valence binuclear complexes of types II and III.
Quite counterintuitively, we find that the conductance in the
sequential tunneling regime is blocked in type III complexes
(characterized by a full delocalization of the excess electron) if
the localized spins in the neutral complex (without excess
electron) couple antiferromagnetically, which is usually the case.
The ultimate reason for the blocking of the conductance in this
case is the double-exchange mechanism, changing the lowest
states from antiferromagnetic to ferromagnetic when an excess
electron is added to the complex. The blocking mechanism can
therefore be named double-exchange blockade. This is found
in contrast to other mixed-valence compounds without core spins
localized at the metal site, such as the Ru(II)Ru(III) mixed-
valence Creutz-Taube complex,7 where no such effect has been
found in the conductance,29 in agreement with the prediction
of the model presented here based on simple spin-symmetry
arguments (i.e., without an on-site magnetic core, the charging
process always gives rise to a mixed-valence spin state with S
) 1/2, no matter how strong the double-exchange delocalization
is). On the other hand, in the complexes of types I and II the
conductance is not quenched in the lower spin states and
increases with increasing spin delocalization. We emphasize that
the situation with the delocalization of an excess electron in
isolated mixed-valent complexes is just the opposite: in the
lowest states the excess electron is delocalized over two metal

sites in class III complexes and is localized at one of the metal
sites in class I and II compounds.

In the present work we focused on the sequential tunneling
scenario arising from the application of the minimal value of a
gate voltage providing an exact resonance between the lowest
neutral and reduced states of the complex, for a fixed and low
value of bias voltage. Varying gate and bias voltages will result
in oscillations of the conductance as a function of the relative
positions of vibronic levels localized at the two wells of the
adiabatic potential of the complex. Although these additional
details are necessary to simulate an experimental conductance
spectrum for a Class I or II system, they do not affect the main
conclusions drawn for Class III spin-delocalized systems. The
experimental verification of the double-exchange spin blockade
effects can be attained by measuring molecular conductance
through binuclear mixed-valence complexes such as, e.g.,
[Fe2(OH)3(tmtacn)2]2+ and [Fe2S2]+ complexes, using for in-
stance the same experimental molecular break-junction setup,
as already performed in similar transport investigations on
magnetic molecules.3-5 It would be sufficient to measure the
conductance for low bias voltages close to the resonance
between the neutral and lowest reduced states of the complex,
for a range of mixed-valence systems characterized by a different
extent of spin delocalization.
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