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Single-particle sequential tunneling is studied through a negative-U center hybridized with a super-
conducting, a ferromagnetic, and a normal metal electrodes. In stark contrast to the case of positive
U , the single-particle tunneling in attractive charging energy is usually prohibited by ground states
with electrons in pairs. We find a microscopic mechanism to induce single-particle sates from pair
states. As a consequence, in the nonpolarized metal terminal a remarkable pure spin current with
no charge currents survives over a wide range of gate- and bias- voltages, which is rather crucial for
experimental observation and design of spintronic devices. In addition, a significant spin-filter effect
is presented in certain bias regime.
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1 Introduction

Spintronic devices, utilizing spin degrees of freedom of
electrons as carriers of information, are most promising
to overcome the high power consumption and heating ef-
fect as compared to conventional charge-based electronic
devices [1]. In the design of these devices, one of key
technologies needed to be solved urgently is how to gen-
erate spin currents, especially pure spin currents with-
out accompanying any charge currents. For this purpose,
different methods have been put forward, such as the
excitation of carriers with circularly polarized light [1],
spin-Hall effect [2], and spin injection by electric or ther-
moelectric driving [3, 4].

In control of spins, the downscaling nanostructures,
such as nanomagnets [5, 6] and shuttled dots [7, 8],
possess great superiority attributed mainly to their
unique intrinsic characteristics. The strong confinement
in nanostructures leads to rich quantum effects, e.g.,
Kondo correlations [9–11] and spin phenomena [12–16].
Among those outstanding features, charging energy U

plays a key role. The U is usually positive and repulses
the spin-opposite electron pairs into the same orbit si-
multaneously. Conversely, the scenario of an Anderson

model with negative U was reported recently in vibrated
single molecules, defects, or impurity centers [17–21].
The negative U phenomenon was also realized in chem-
istry as inverse potential [22], or in some amorphous
semiconductors [23] which was originally introduced to
explain the magnetic properties of amorphous semicon-
ductors.

The negative Coulomb correlations open up a unique
transport way. The attractive interaction between elec-
trons favors the occupation of nonmagnetic empty and
doubly-occupied states because of their energies lower
than the magnetic singly-occupied states. Thus, previ-
ous studies most focused on the transports dominated
by pair tunnelings [17–19], which may develop the trans-
ports of electronic correlations in a degeneracy between
two even-number charge states, and in turn lead to a
charge-Kondo effect [21, 24, 25]. However, to our knowl-
edge, there are hardly reports on the spintronics with
respect to negative-U systems. It is naturally interesting
to uncover the spin transports under negative U . To do
this, it is crucial to induce a microscopic mechanism that
can trigger the excitation of single-particle sates from
pair states. In this paper, it is realized by coupling the
negative-U center to an additional superconductor. Un-
expectedly, a pure spin current without accompanying
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any charge currents is obtained, which is adjustable over
a wide range of gate- and bias- voltages.

2 Theory and formula

Let us first present above basic physics in a three-
terminal Anderson impurity model, shown in Figs. 1(a)
and (b). The single molecular orbit ε0 with negative U

is tunnel coupled to ferromagnetic (F), normal (N), and
superconducting (S) electrodes. The electrochemical po-
tential μα (α = F, N, S) is tuned to be μF > ε0 > μN >

ε0 + U with μS = 0 measured from the Fermi level EF.
If decoupled from the S lead, the molecule is eventu-
ally located in doubly-occupied level ε0 + U and so the
single-electron transfer is prohibited. The introduction of
superconductor can empty the electrons on the molecule,
possibly followed by a crossed Andreev reflection (AR)
via the lower level [Fig. 1(a)] or possibly by a sequen-
tial tunneling of single electrons via the upper level [Fig.
1(b)]. For N terminal, the former generates the backward
electronic current while the latter gives forward one. No-
tice that the currents from the two processes have oppo-
site spin orientation for each injected spin species, which
provides a possibility to generate a pure spin current if
two spin species is nonequivalent due to the F source.

Fig. 1 Schematic diagrams for (a) crossed AR via level ε0 + U
with two spin-opposite electrons from ferromagnetic (F) and nor-
mal (N) electrodes entering superconducting (S) electrode as a
Cooper pair, and for (b) single-particle sequential tunneling via
level ε0. The level ε0 + U < ε0 is due to negative U . (c) Occupied
probability P↑ + P↓ for singly-occupied states and P+ + P− for
doubly-occupied states.

The electrodes (α = N, F) are described by Hamil-
tonian Hα =

∑
kσ εαkσc†αkσcαkσ, and the S elec-

trode by s-wave BCS form HS =
∑

kσ εSkσc†SkσcSkσ −
∑

k(Δc†Sk↑c
†
S,−k↓ + Δ∗cS,−k↓cSk↑), where c†αkσ is the cre-

ation operator for electrons with wave vector k and spin

σ. The single-particle energy εαkσ is spin-dependent only
for the F lead but spin-degenerate for the other leads
(α = N, S). Δ characterizes the superconducting pair
potential. The Hamiltonian for the center is regarded
as a well known Anderson–Holstein model with nega-
tive charging energy U , which can originate the strongly
electron–phonon coupling molecule or the inverse po-
tential impurities center [17, 20, 21], given by HM =
∑

σ ε0d
†
σdσ + Un↑n↓, and the hopping term between the

molecular level and leads is HT =
∑

α,kσ(tασc†αkσdσ +
H.c.). Here, nσ = d†σdσ is the number operator and d†σ
creates a dot electron of energy ε0, and tασ denotes the
tunneling matrix element, relevant to tunnel-coupling
strength Γασ = 2πρασ|tασ|2 with ρασ being the density
of states of electrons in lead α.

We focus on the subgap transport by assuming infinite
Δ. By integrating out the degrees of freedom of S lead as
done in Refs. [14–16, 26, 27], one can obtain an effective
molecular Hamiltonian as

Heff
M =

∑

σ

ε0d
†
σdσ + Un↑n↓ +

ΓS

2
d†↑d
†
↓ +

ΓS

2
d↓d↑ (1)

Here, ΓS plays a role of an effective local-pair po-
tential on the molecule induced by proximity effect
from superconductor. Diagonalizing Heff

M in Eq. (1)
gives the many-body eigenstates: singly-occupied states
|σ〉 with corresponding eigenvalues ε↑(↓) = ε0, and
doubly-occupied states |±〉 = β∓|0〉 ∓ β± |↑↓〉 with
corresponding eigenvalues ε± = (2ε0 + U)/2 ± εA.
|±〉 is a superposition state of |0〉 and |↑↓〉 with the
weight factor β± = 1√

2

√
1 ± (2ε0 + U)/(2εA) and εA =

1
2

√
(2ε0 + U)2 + Γ 2

S . Obviously, for ΓS = 0 the states
|−〉 and |+〉 reduce to the empty |0〉 and doubly-occupied
states |↑↓〉, respectively.

We focus on the regime of weak coupling to non-
superconducting leads, where the sequential tunneling
dominates the particle transports and the cotunneling
is suppressed heavily. In the presentation of four basis
states |n〉 ∈ |−〉, | ↑〉, | ↓〉, |+〉, the occupied probability
Pn(t), standing for the probability of finding the molecule
in state |n〉 at time t, is given by the dynamical Master
equation [28]:

∂Pn(t)
∂t

=
∑

m �=n,α,σ

Pm(Wασ+
n←m + Wασ−

n←m)

−Pn(Wασ+
m←n + Wασ−

m←n) (2)

Here, the transition rates Wασ+
m←n = Γασfα(εm −

εn)
∣
∣〈m| c†σ |n〉∣∣2 and Wασ−

m←n = Γασ[1 − fα(εn −
εm)] |〈m| cσ |n〉|2 relate to the electron tunneling into and
out of the molecule, accompanied by the change of dot
states from |n〉 to |m〉. fα(ε) = 1/[1 + e(ε−μα)/(kBTα)] is
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the Fermi–Dirac distribution with μα(Tα) as the chem-
ical potential (temperature) in lead α. For α = F, the
spin splitting of ferromagnetism in density of states is
reflected through spin polarization χ, defined as χ =
(ρF↑−ρF↓)/(ρF↑+ρF↓), and thus one can label ΓF↑(↓) =
ΓF(1 ± χ).

We are interested in how the currents in N lead can
be spin-polarized. Its steady-state spin-resolved currents
are calculated by

Iσ
N =

−e

h

∑

n,m

(WNσ+
m←n − WNσ−

m←n)Pn (3)

where Pn is obtained by setting ∂Pn(t)/∂t= 0 in Eq. (2)
under the normalization condition

∑

n
Pn = 1.

3 Results and discussion

In this section, we will perform numerical calculations
for the currents in N lead by assuming symmetric cou-
pling ΓNσ = ΓF = Γ0 with Γ0 < kBTα. Set U = −1 and
its absolute value as units of energy, ΓS = 0.2, χ = 0.6,
kBTα = 0.01, and μF = 3 throughout except for spe-
cific indication. The spin-dependent currents I↑N and I↓N
are plotted in Fig. 2 as a function of molecular level ε0,
adjustable by gate voltage. We start with discussion of
the case of the molecule disconnected from the S lead
(ΓS = 0) in Fig. 2(a), for which a most prominent fea-
ture is appearance of a current step at ε0 determined
by ε0 + U = μN (i.e., ε0 = 2 for chosen parameters),
which is associated with the transition energy between
states |↑↓〉 and |σ〉. Notice that another resonance at
ε0 = μN drops, in contrast to the usual case of U > 0.
The reason is that the single-particle transition between
|σ〉 and |0〉 is blockaded by already saturated occupation
in low-lying doubly-occupied states. As ε0 + U > μN,

all levels are within the bias window and the curves
are equivalent to the results of U = 0, where the cur-
rents originate from the single-particle sequence tunnel-
ing with current polarization ξ1 = p

2−p2 ≈ 0.36 defined

by ξ = (I↑N − I↓N)/(I↑N + I↓N). When the superconduct-
ing lead is coupled to the molecule (e.g., ΓS = 0.2), a
distinct feature is appearance of an additional negative-
value peak around the particle-hole symmetric point
ε0 = −U/2. Away from this region, the currents almost
recover the zero value. The current peak completely at-
tributes to the AR since in this region the single-particle
tunneling from F to N lead via the molecule is blockaded.
The AR reaches the maximum at the symmetric point
ε0 = −U/2. Furthermore, the AR currents I↑N 	= I↓N is
spin-polarized with polarization maximum only slightly

lower than ξ1 for the sequential tunneling, which implies
the crossed AR is in this region dominant over the local
AR with respect to single N lead.

As μN is reduced, both spin-dependent AR current
peaks are heavily suppressed but their positions pin at
ε0 = −U/2, accompanied with the current step mov-
ing to the left. Interestingly, the currents of two spin
species shrink in different rate. As illustrated in Fig.
2(b) for μN = 0.5, I↑N almost vanishes while I↓N keeps fi-
nite, which exhibits a pronounced spin-filter effect. With
μN decreasing further, I↑N reverses quickly its sign to
become a positive peak but I↓N remains still a negative
peak. Unexpectedly, in Fig. 2(c) for μN = 0 (not only
limited to this point, see Fig. 3), an interesting finding
is that the relation of I↑N = −I↓N holds exactly and so
there presents a large spin current Is

N = 2I↑N, defined
as Is

N = I↑N − I↓N, together with a vanished charge cur-
rent Ic

N = I↑N + I↓N = 0. It is reminiscent of the case of
U � 0 with the same setup [16, 29], in which a pure
spin current can be obtained only by tuning ε0 exactly
at certain specific point. However, here the pure spin
current appears in a broad parameter range of ε0, which
is rather crucial for experimental observation and design
of spintronic devices. At low temperatures under con-
sideration and in the vicinity of particle-hole symmetric
point, |U + 2ε0| <

√
U2 − Γ 2

S , the Fermi distribution
functions reduce to be fF(ε) ≈ 1 and fN(ε± − εσ) ≈ 1.
With these, we derive simple analytic expressions of the
spin-resolved currents as I↑N = Γ0Γ

2
Sχ

3Γ2
S+(3−χ2)(U+2ε0)2

and

I↓N = −I↑N. At symmetric point ε0 = −U/2, they fur-
ther reduce to I↑N = −I↓N = Γ0χ/3 and so the pure spin
current is Is

N = 2Γ0χ/3, regardless of the ΓS. In con-
trast, our numerical calculations for positive U shown in

Fig. 2 Spin-resolved current Iσ
N as a function of molecular level

ε0 for electrochemical potential (a) μN = 1, (b) μN = 0.5, and (c)
μN = 0. (d) The case of positive U = 1 is plotted for comparison
with (c).
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Fig. 2(d) indicate that the currents of two species are
spin degenerate in the vicinity of degeneracy point due
to nonequilibrium spin accumulations [30]. At low tem-
peratures they are derived analytically to be I↑N = I↓N =

Γ0(1−χ2)(U+2ε0)2

3Γ2
S+(3−χ2)(U+2ε0)2

where the spin current vanishes for
U > 0.

We want to address that I↑N = −I↓N near the symmet-
ric point ε0 = −U/2 in Fig. 2(c) is a consequence of joint
effect of the crossed AR and AR-governed single-particle
tunneling. The unique process to open single-particle
channels can be seen from Fig. 1(c), where nonzero prob-
ability P↑ + P↓ of singly-occupied states |σ〉 arises only
near the AR regime, induced by reduction of the prob-
ability P+ + P− of doubly-occupied states |±〉. This is
in sharp contrast to the case of U > 0, where |σ〉 is fa-
vorable first and then followed by |±〉. Thus, we can un-
derstand the underlying physics simply as follows. When
a spin-σ electron is injected from F lead each time the
molecular level is empty, the probability to jump onto
the lower level is the same as that onto the upper level,
the former followed by the crossed AR current IAR

N,σ̄ with
σ̄ opposite to σ [Fig. 1(a)] and the latter followed by the
sequential tunneling current Iseq

N,σ [Fig. 1(b)]. As a con-
sequence the relation of Iseq

N,σ = −IAR
N,σ̄ holds in N lead.

Each spin component contains the two processes simul-
taneously, i.e., Iσ

N = Iseq
N,σ + IAR

N,σ = Iseq
N,σ − Iseq

N,σ̄, resulting
in I↑N = −I↓N.

Next, we analyze the sensitivity of pure spin current
to other systemic parameters. In Figs. 3(a) and (b), we
display the numerical results of spin-resolved currents Iσ

N

for different χ and ΓS, respectively. It is found that when
either χ or ΓS is absent, the currents are suppressed to
be zero. The absolute hight of spin-dependent current
peaks is determined by χ, regardless of ΓS, while the
width is mainly by ΓS. Even for quite weak but not van-
ished ΓS (e.g., ΓS = 10−2), Iσ

N can still reach the maxi-
mum Γ0χ/3. However, in order to observe the pure spin
current in a broader parameter range, enhancing ΓS is
necessary. Meantime, it is noticed that for larger ΓS (e.g.,
ΓS = 0.4), I↑N and I↓N far away from the symmetric point
ε0 = −U/2 are no longer exactly equal because the local
AR relevant to single N lead contributes to transports,
generating non-zero charge currents. The variation of Iσ

N

with μN is illustrated in Figs. 3(c) for ΓS = 10−3 and
(d) for ΓS = 0.2, where we set ε0 = −U/2. Again, I↑N
and I↓N are strictly symmetric about the horizon axis
roughly in the region of μN ∈ [U

2 ,−U
2 ] in Fig. 3(c), with

constant value |I↑(↓)N | = Γ0χ/3. Increasing ΓS as in Fig.
3(d) brings Iσ

N with two new plateaus, respectively, in
the range of |μN ± ε0| � εA whose width is just the mag-
nitude of ΓS. These new plateaus originate from the level

splitting of ε+ − ε− = 2εA = ΓS for ε0 = −U/2. This
is in contrast with U > 0, where the current I

↑(↓)
N = 0

for μN ∈ [−U
2 , U

2 ] due to the AR channel being Coulomb
blocked.

Fig. 3 Iσ
N as a function of ε0 for (a) different spin polarization

χ and (b) different ΓS; the curves of I↑N (I↓N) being above (be-
low) horizon axis. Variation of Iσ

N with μN in the symmetric point
ε0 = −U/2 for (c) ΓS = 10−3 and (d) ΓS = 0.2. Positions indi-
cated by A, B, C, and D exhibit a remarkable spin-filter effect.

Finally, it is also interesting to find that at points in-
dicated by A and B in Fig. 3(c), one of spin-dependent
currents is vanished but the other spin component has fi-
nite value, exhibiting a significant spin-filter effect. This
spin-filter effect is also observable in Fig. 2(b). Increasing
ΓS broadens the points A and B into two zero-current
plateaus, as shown by C and D in Fig. 3(d), making the
spin-filter effect exist in a wider range of μN. Notice that
the pure spin current between C and D is related to the
AR-induced single-particle tunneling while the currents
out of this regime is due to direct single-particle tunnel-
ing. It is just the transition of two tunneling mechanisms
that leads to appearance of the spin-filter effect.

4 Conclusions

In conclusion, we theoretically study the spin-dependent
transports through a molecule with negative U in a
three-terminal setup. Unlike the case of repulse charg-
ing energy, the attractive one prohibits the single-particle
tunneling due to the ground states of molecules being
occupied with even-number electrons. Particular atten-
tion is paid to the regime where the single-occupied
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level is within the F-N bias window while the doubly-
occupied level is out of it. In this bias regime, we find
a microscopic mechanism to excite single-particle sates
by crossed AR process. Interestingly, the opening of the
single-particle tunneling is determined completely by the
AR process. As a consequence of their joint effect, near
particle-hole degeneracy point, the generating currents
in N lead have opposite moving directions but with the
same magnitude for different spins, exhibiting a remark-
able pure spin current. The most striking superiority is
its existence in a wide range of bias- and gate- voltages,
which is rather crucial for experimental observation and
design of spintronic devices. In addition, we also find a
remarkable spin-filter effect when tuning the gate volt-
age or bias to be certain value. The proposed generator
of pure spin currents can be realized experimentally by
means of existing nanofabrication techniques [31].
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1. I. Žutić, J. Fabian, and S. D. Sarma, Spintronics: Funda-

mentals and applications, Rev. Mod. Phys., 2004, 76(2): 323

2. Y. K. Kato, R. C. Myers, A. C. Gossard, and D. D.

Awschalom, Observation of the spin Hall effect in semicon-

ductors, Science, 2004, 306(5703): 5703

3. F. J. Jedema, A. T. Filip, and B. J. van Wees, Electrical spin

injection and accumulation at room temperature in an all-

metal mesoscopic spin valve, Nature, 2001, 410(6826): 345

4. K. Uchida, S. Takahashi, K. Harii, J. Ieda, W. Koshibae, K.

Ando, S. Maekawa, and E. Saitoh, Observation of the spin

Seebeck effect, Nature, 2008, 455(7214): 778
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