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ABSTRACT

Single particle interference lies at the heart of quantum mechanics. The archetypal double-slit experiment1 has been repeated with electrons
in vacuum2,3 up to the more massive C60 molecules.4 Mesoscopic rings threaded by a magnetic flux provide the solid-state analogues.5,6

Intramolecular interference has been recently discussed in molecular junctions.7-11 Here we propose to exploit interference to achieve all-
electrical control of a single electron spin in quantum dots, a highly desirable property for spintronics12-14 and spin-qubit applications.15-19

The device consists of an interference single electron transistor,10,11 where destructive interference between orbitally degenerate electronic
states produces current blocking at specific bias voltages. We show that in the presence of parallel polarized ferromagnetic leads the interplay
between interference and the exchange interaction on the system generates an effective energy renormalization yielding different blocking
biases for majority and minority spins. Hence, by tuning the bias voltage full control over the spin of the trapped electron is achieved.

The all-electrical solutions to the challenge of single spin
control that have been proposed15-18 and realized19,20 are
based either on spin-orbit coupling15-19 or on tunneling-
induced spin splitting in the Kondo regime.20 Our proposal
relies on the current blocking occurring in an interference
single electron transistor (ISET) due to interference between
degenerate states. The conditions for interference blocking
are very generic11 and admit several different realizations.
We consider here for clarity a benzene and a triple-dot ISET,
Figure 1. Both are described by the Hamiltonian

where Hsys represents the central system and also contains
the energy shift operated by a capacitively coupled gate
electrode at the potential Vg. The Hamiltonian Hsys is in both
cases invariant with respect to a discrete set of rotations
around the vertical axis passing through the center of the
system. This fact allows a classification of its eigenstates in
terms of the z component of the angular momentum l and
also ensures the existence of degenerate states with different
l. Then, a generic eigenstate is represented by the ket |NlσE〉
where N is the number of electrons on the system, σ is the
spin, and E the energy of the state. When degenerate states
participate to transport, they interfere since, like the two paths
of the double-slit experiment, they are occupied simulta-
neously by the traveling electron, but in different superposi-
tions under diverse transport conditions. Hlead describes the
ferromagnetic leads with equal (for simplicity) parallel
polarization P and with a difference eVb between their
electrochemical potentials. Finally, HT accounts for the weak
tunneling coupling between the system and the leads,

characteristic of SETs, and we consider the tunneling events
restricted to the atoms or to the dots closest to the corre-
sponding lead (Figure 1). We explicitly consider the Coulomb
interaction only in the central part of the device (see the
Supporting Information) due to the strong confinement
experienced there by the electrons while, apart from the
polarization assumption, we assume a noninteracting ap-
proximation for the leads. In the weak coupling regime the
current through the ISET essentially consists of sequential
tunneling events at the source and drain lead that increase
or decrease by 1 the number of electrons on the system. The
different panels of Figure 2 and Figure 3 show the current
through the benzene and triple dot ISET, respectively, as a
function of bias and gate voltage. As in all SETs at low bias,
so-called Coulomb diamonds, where transport is energetically
forbidden, occur. Within the diamonds the particle number
is fixed as indicated in the figures. The only exceptions are
the charge degenerate points where two diamonds meet. Here
the energy difference of two ground states with consecutive

H ) Hsys + Hleads + HT (1)

Figure 1. Two examples of interference single electron transistors
(ISETs): a benzene molecular junction contacted in the meta
configuration (a) and a triple quantum dot artificial molecule (b).
The source and drain are parallel polarized ferromagnetic leads.
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particle numbers is equal to the equilibrium chemical
potential of the leads. At finite bias the incoming electrons
have enough energy to overcome the level spacing and the
Coulomb repulsion and the current flows. As a signature of
the new states that enter the bias window, by increase of the
voltage the current typically increases steplike.

In ISETs an exception to this picture is represented by
the interference blockade where the current decreases for
increasing bias generating negative differential conduc-
tance (NDC) and eventually vanishes (see green lines in
the panels b and c of Figure 2 and Figure 3). Panels b in
the same figures indicate moreover that, for a given gate
voltage and in absence of polarization in the leads, the current
is blocked only at one specific bias voltage. For parallel
polarized leads, however, at a given gate voltage, the current
is blocked at two specific bias voltages, one for each spin
configuration (panels c). As demonstrated below, the block-
ing of the minority electrons occurs for the smaller bias
voltages. As such full control of the spin configuration in
the ISET can be electrically achieved. The interference
blockade and its spin selectivity are also demonstrated in

panels a and b of Figure 4. Along the dotted (dashed) line a
majority (minority) spin electron is trapped into the molecule.
The molecular spin state can thus be manipulated simply by
adjusting the bias across the ISET. In the following we
discuss the physics of the spin-selective interference blocking
and present the necessary ingredients for its occurrence.

This novel blocking is explained by the presence of an
N-particle nondegenerate state and two degenerate N + 1
particle states that simultaneously contribute to transport. It
also requires that the ratio between the transition amplitudes
γRi (i ) 1, 2, R ) L,R) between those N and N + 1 particle
states is different for tunneling at the left (L) and at the right
(R) lead11

This condition is fulfilled in both cases presented in Figure 1
due to the geometrical configuration of the left and right lead.
Due to condition (2), the degenerate states interfere among

Figure 2. Benzene ISET: polarized vs unpolarized configuration. Panel a. Current vs bias and gate voltage for unpolarized leads. Panel d.
Current vs bias and gate voltage for polarized leads (polarization P ) 0.85). Panels b and c. Blow up of the 6 f 7 particle transition for
both configurations. The unpolarized case shows a single current blocking line and the trapped electron has either up or down polarization.
The polarized case shows two current blocking lines, corresponding to the different spin of the trapped electron. The current is given in
units of eΓ where Γ is the bare average rate (Supporting Information), and the temperature kBT ) 0.01b where b is the hopping parameter
(Supporting Information).
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themselves such to form pairs of blocking and nonblocking
states. The blocking state is only coupled to the source lead
(panels c and d of Figure 4) while the nonblocking one to
both source and drain. An electron that populates the
blocking state can neither leave toward the drain nor, at high
enough bias, return to the source since all energetically
available states are there filled. The nonblocking state is thus
excluded from the dynamics and the current vanishes.

As such we would conclude that the interference
blocking is a threshold effect and the current remains
blocked until a new excited state participates to the
transport. However, as shown in Figure 2 and Figure 3,
the current is blocked only at specific values of the bias
voltage. The explanation of this phenomenon relies on two
observations: (i) The blocking state (Figure 4) must be
antisymmetric with respect to the plane perpendicular to the
system and passing through its center and the atom (quantum
dot) closest to the drain; this state is thus also an eigenstate
of the projection of the angular momentum in the direction
of the drain lead.21 At positive (negative) bias voltages we
call this state the R(L)-antisymmetric state |ψR(L),a〉. (ii) The

coupling between the system and the leads not only generates
the tunneling dynamics described so far but also contributes
to an internal dynamics of the system that leaves unchanged
its particle number. In fact the equation of motion for the
reduced density matrix F of the system can be cast, to lowest
nonvanishing order in the coupling to the leads, in the form

The commutator with Hsys in eq 3 represents the coherent
evolution of the system in absence of the leads. The operator
Ltun describes instead the sequential tunneling processes and
is defined in terms of the transition amplitudes γRi between
the N and N + 1 particle states like the ones introduced in
eq 2. Finally Heff renormalizes the coherent dynamics
associated to the system Hamiltonian. It reads

Figure 3. Triple dot ISET: polarized vs unpolarized configuration. Panel a. Current vs bias and gate voltage for unpolarized leads. Panel
d. Current vs bias and gate voltage for polarized leads (polarization P ) 0.7). Panels b and c. Blow up of the 6 f 5 particle transition for
both configurations. The selective spin blocking is analogous to the one of the benzene ISET (Figure 2).

Ḟ ) - i
p

[Hsys, F] - i
p

[Heff, F] + LtunF (3)

Heff ) ∑
Rσ

ωRσ LR (4)
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where LR is the projection of the angular momentum in the
direction of the lead R and, for paramagnetic systems, it does
not depend on the spin degree of freedom σ. Moreover, ωRσ

is the frequency renormalization given to the states of spin
σ by their coupling to the R lead. Similar effective dynamics
has been mapped into the precession of a pseudospin around
a pseudoexchange field.22,23 In our case the presence of
parallel polarized leads mixes the orbital and the spin degrees
of freedom. Nevertheless, for what concerns the spin, Heff is
diagonal and thus spin accumulation due to precession24 of
the spin degree of freedom is excluded. Yet, in the presence
of polarized leads, the spin up and the spin down undergo
different effective dynamics. Equation 3 is an example of
Bloch-Redfield equation describing the dynamics of a
system coupled to thermal baths. A more detailed version
of (3) is presented in the Supporting Information.

For sake of simplicity we give in the following the explicit
form of the transition amplitudes γRi, of the operator LR and
of the associated frequency ωRσ only for the benzene ISET
and for the ground state transition 6g f 7g that is character-
ized by interference blocking. The argumentation is never-
theless very general and can be repeated for all the systems
exhibiting rotational symmetry. The transition amplitudes
read

where |7glσ〉 are the orbitally degenerate 7 particle ground

states, l ) (2 the z projection of the angular momentum in
units of p, and dMσ destroys an electron of spin σ in a
reference carbon atom M placed in the middle between the
two contact atoms. Moreover, φR is the angle of which we
have to rotate the molecule to bring the reference atom M
into the position of the contact atom R. The present choice
of the reference atom implies that φL ) -φR ) π/3. In the
Hilbert space generated by the 2-fold orbitally degenerate
|7glσ〉 the operator LR reads

For a derivation of (6) see Supporting Information. The
frequency ωRσ is defined in terms of transition amplitudes
to all the states of neighbor particle numbers

where the compact notation |N{E}〉 indicates all possible
states with particle number N and energy E, pR(x) )
-Reψ[(1/2) + (i�/2π)(x - µR)] where � ) 1/kBT, T is the
temperature and ψ is the digamma function. Moreover ΓRσ′

0

) (2π/p)|t|2DRσ′ is the bare tunneling rate to the lead R of an
electron of spin σ′, where t is the tunneling amplitude and
DRσ′ is density of states for electrons of spin σ′ in the lead
R at the corresponding chemical potential µR. Due to the
particular choice of the arbitrary phase of the 7 particle
ground states, ωRσ is real and does not depend on the orbital
quantum number l. It depends instead on the bias and gate
voltage through the energy of the 6,7-ground and 8 particle
states. In Figure 5 the black curve depicts ωLσ as a function
of the bias in absence of polarization: the frequencies
corresponding to the two spin species coincide and thus
vanish at the same bias. The condition

determines the bias at which the current is completely blocked.
In fact, at that bias the effective Hamiltonian contains only the
projection of the angular momentum in the direction of the right
lead (the drain) and the density matrix corresponding to the
full occupation of the 7 particle R-antisymmetric state
(F ) |ψR,a〉〈ψR,a|) is the stationary solution of eq 3. As we leave
the blocking bias the effective Hamiltonian contains also the
projection of the angular momentum in the direction of the
left lead and the R-antisymmetric state is no longer an
eigenstate of Heff. The corresponding density matrix is not a
stationary solution of (3) and current flows through the
system. The L T R symmetry of the system implies, for
negative biases, the blocking condition ωRσ ) 0.

All-electric-spin control is achieved, in an ISET, only
in the presence of ferromagnetic leads (or more generally

Figure 4. Spin control. Panel a. Current (in units of eΓ) through
the benzene ISET vs bias and polarization at the 6 f 7 electron
transition. Panel b. Population of the majority spin 7 particle state.
The two zero current lines at high bias correspond to the maximum
or minimum population of the 7 particle majority spin state and
thus identify the spin state of the trapped electron on the molecule.
Panels c and d. Schematic representation of the spin selective
blocking corresponding to the dashed (c) and dotted (d) lines of
panels a and b.

γRl ) 〈6g00|dMσ|7glσ〉e-ilφR (5)

LR ) p
2(1 ei2|l|φR

e-i2|l|φR 1 ) (6)

ωRσ )
1
π ∑

σ ′{E}

ΓRσ ′
0 [〈7glσ|dMσ ′|8{E}〉〈8{E}|dMσ ′

† |7g -lσ〉pR(E - E7g)

+ 〈7glσ|dMσ ′
† |6{E}〉〈6{E}|dMσ ′|7g -lσ〉pR(E7g - E)] (7)

ωLσ ) 0 (8)

2900 Nano Lett., Vol. 9, No. 8, 2009



a spin injection source) and with exchange interaction on
the system, i.e., an interaction which yields a singlet-triplet
splitting on the isolated system. By manipulating (7) it is
possible to show that the frequency splitting ωRv - ωRV is
proportional to the polarization in the R lead but vanishes
in the absence of exchange interaction on the system capable
to lift the singlet-triplet degeneracy of the 6 and 8 particle
states (see the Supporting Information). In Figure 5 we show
the frequencies ωLσ ) 0 vs bias voltage also for finite values
of the polarization P calculated for the benzene ISET, where
exchange splitting is ensured by the Coulomb interaction on
the system. The interference blocking conditions ωLσ ) 0
for the Lf R current are satisfied at different biases for the
different spin species. The dotted and dashed lines in Figure
4 are the representation of the relations ωLv ) 0,ωLV ) 0 as
a function of the bias and polarization, respectively.

The distance between the two blocking biases is of the
same energy scale of the addition energy ∆E ) µ8 - µ7,
as can be seen in Figure 5. In fact, even if the splitting in
the renormalization frequencies is of order ΓL, the distance
between the two points in which the up and the down
renormalization frequencies vanish depends on the particular
dependence of those frequencies on bias. Their dependence
is roughly linear in the interesting region (Figure 5) and with
a slope given approximately by ΓL/∆E. The bias splitting
corresponding to a frequency splitting of order ΓL is thus in
the same energy scale of the addition energy.

The realization of a triple dot ISET with injection of spin-
polarized carriers is feasible even if experimentally demanding.
We suggest graphene for the realization of the triple-dot system
due to the possibility of easily evaporating ferromagnetic leads
and to the intrinsically low spin-orbit coupling. Graphene has
been already successfully contacted with ferromagnetic leads,26

while the possibility of defining mesoscopic structures in
graphene sheets electrostatically25 or by etching27 has also
already been demonstrated. For these reasons we think that the

realization of the proposed all-electrical spin control in ISETs
in graphene devices is perhaps the most promising even if still
experimentally challenging. Spin injection in semiconductor
heterostructures is at least as challenging, and the relevance of
intrinsic spin-orbit effect also represents a drawback. On the
other hand the high control reached in heterostructure fabrication
should not be forgotten, such that also semiconducting triple
dots are possible candidates for ISETs.

In previous studies11 we have shown that the interference
current blocking does not depend on the perfect symmetry of
the system but rather relies on the existence of quasi-degenerate
states in which the energy splitting is smaller than the tunneling
coupling to the source and drain leads. In the proposed structures
the degeneracy is associated with the rotational symmetry and
it has the advantage of a simple geometrical realization of the
interference conditions (2). Nevertheless the effect is more
general and any other structure exhibiting orbital degeneracy
is a good candidate for an ISET.
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