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We consider the generation of a pure spin-current at zero bias voltage with a single time-
dependent potential. To such end we study a device made of a mesoscopic ring connected to
electrodes and clarify the interplay between a magnetic flux, spin-orbit coupling, and non-
adiabatic driving in the production of a spin and electrical current. By using Floquet theory, we
show that the generated spin to charge current ratio can be controlled by tuning the spin-orbit
coupling. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4868902]

. INTRODUCTION

Largely forgotten during the early decades of nanoelec-
tronics, the spin degree of freedom is becoming ever closer
to the center of the research stage.'” Indeed, generating and
detecting spin-currents is now a fascinating field of
research™* with applications in future electronics,” quantum
computing,’ and information storage.” Among the many
ways of harnessing the electron spin, spin orbit interaction
(SQOI) in two-dimensional electron gases is a promising one
since the spin transport properties can be controlled simply
by applying an electric field.>”

Most of the proposals aiming at the control of the spin
degree of freedom use static electric or magnetic fields.”*
Here, we follow a different path and use alternating fields
(ac) as in Refs. 10 and 11. The time-dependence introduced
by the alternating fields'* provide an avenue for exploring
new phenomena including the opening of a laser-induced
bandgap'*'* or chiral edge states'> and, more generally, the
tuning of its topological properties.'>™'® Another striking
phenomena is the coherent generation of a current at zero
bias voltage (termed quantum charge pumping)'®~" and, as
shown below, the generation of a pure spin-currents through
spin pumping. Quantum pumping is usually achieved by
driving a sample connected to electrodes through ac gate
voltages. Within the adiabatic approximation,”® pumping a
non-vanishing charge requires the presence of at least two
time-dependent parameters (typically constituted by gate
voltages) and has been widely studied in many systems
including pristine®** and disordered graphene.”” But
beyond the adiabatic approximation single-parameter pump-
ing is also possible as predicted theoretically**~® (similar
to the mesoscopic photovoltaic effect predicted earlier in
Ref. 29) and achieved in careful experiments.’’~* Besides
reducing the burden of adding more contacts in a nanoscale
sample, a single parameter setup could also prove advanta-
geous (as a compared to a two-parameter one) in reducing
capacitive effects and crosstalk between time-dependent
gates.
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Here, we address the effect of spin-orbit coupling and its
interplay with a single time-dependent field in the generation
of non-adiabatic spin current at zero bias voltage. To such
end we consider a setup as the one represented in Fig. 1,
where a nanoscale ring is connected to electrodes and has a
quantum dot embedded in one of its arms. The time depend-
ence is introduced as an alternating gate applied to the quan-
tum dot and does not break neither time-reversal nor
inversion symmetry (parity). Crucial to the generation of
pumped current is the addition of a magnetic flux threading
the ring as shown in Fig. 1. The spin-orbit coupling is intro-
duced as an additional spin-dependent flux. In this paper, we
show how this simple setup is able to provide a minimal
model where a pure spin-current can be achieved.

Il. HAMILTONIAN MODEL AND ITS SOLUTION
THROUGH FLOQUET THEORY

Let us start our discussion by presenting our model
Hamiltonian for the situation represented in Fig. 1. The total
Hamiltonian H(r) is written as

H(t) = He + Hop(t) + Hr, (1)

where H¢ represents the left and right contacts and the lower
arm of the ring (represented by site j=0 in the notation
below), Hop () represents the quantum dot (QD) in the upper
arm of the ring (which for simplicity is taken to be a single

B

FIG. 1. Scheme of setup considered in the text, a quantum ring with a mag-
netic field cross them and a quantum dot embedded in one of its arms, driven
by an ac voltage source.

© 2014 AIP Publishing LLC
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level), and Hp represents the tunneling Hamiltonian between
the quantum-ring and the contacts, which are given by

]

He = Z (8./"';,00./,0 + VC,T,UC_;‘H,U) +hec., )
Jj=—00,0

Hop(t) = Sd(f)z d'd,, 3)

Hr = Z(Vzcil,ada + VRCIJdJ) +h.ec.. )

g

The time dependence is introduced as a modulation of the
energy levels of the quantum dot. For a single-level quantum-
dot, this is achieved through &y(7) = &y + vcos(Qot). We
consider a magnetic and electric fields in the system, their
contributions to the Hamiltonian are embedded in the hopping
matrix elements Vi = Vjexp[i2n(dag + 0¢so)/Pp), where
¢ ap and ¢gq are the phases due to the Aharonov-Bohm effect
and spin-orbit interaction, respectively, ¢ is the spin index
(6 =T7,lorag=1,-1),and ¢, is the flux quantum.

Since we are interested in a single-parameter pumping
configuration as in Refs. 28, 30, 33, and 34, the calculation
of the electrical response requires going beyond the adiabatic
theory. Floquet theory offers a suitable framework.'*?!
Here, we use it in combination with Green’s functions,
then we have a Floquet-Green function denoted by Gg
defined from the Floquet’s Hamiltonian Hp as*®*
Gr = [ET — M) ™"

If the spin-orbit coupling does not couple different spin
channels, as in our case, the dc component of the current is
given by

I, = lJT dtl (1), 3)

TJo

¢ (n) (n)
Io' N Z x Z J |:T(R"7)%<Lv‘7) (8) L(S) - T(L,J),(R,o‘) (8) R(S)i| dS,

(6)

where Té;)a) « g)(s) is the probability for an electron on the

left (L) with spin ¢ and energy ¢ to be transmitted to the right
(R) reservoir while exchanging n photons and © = 27/Qy.
These probabilities are weighted by the usual Fermi-Dirac
distribution functions fg ;) for each electrode and are given,
in terms of Floquet-Green function, by
Ty (1.0)(8) = 4Tk (e + Q) |GL (&) PTL(e) . (D)

where the probability in opposite direction is described
exchanging the index L with R, and I';z) is the matrix cou-
pling with left (right) electrode, defined as the imaginary part
of the electrode’s self energies, i.e., ' (g) = —Im(Zy(g)).

The associated spin-current is I, =1y — [, while the
charge currentis [ =1y +1.

lll. RESULTS AND DISCUSSION

Using the model introduced before we now turn to our
results for the pumped electric and spin currents. To start
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with we consider the system in the absence of spin-orbit cou-
pling. We consider the leads in thermodynamic equilibrium
(i.e., fr.(e) = fr(e) = f(¢)) as a semi-infinite 1d system with
nearest neighbor coupling 7, which is used as energy parame-
ter. The ac field frequency is set to Qg such that iQy = y/5,
and the field magnitude is v = 0.07y/e. The hopping
between the contacts and QD is Vy = y/4.

Figure 2(a) shows a contour plot of the transmission
probability as a function of the Fermi level position and the
magnetic flux. There we can observe the presence of a region
where the transmission is very close to zero (close to
the intersection of the dashed lines). This is due to a destruc-
tive quantum interference known as Fano resonance
or antiresonance>¢% (for a recent review see Ref. 39).
Interestingly, the pumped current shown in Fig. 2(b)
achieves a maximum intensity whenever the parameters are
tuned close to the transmission zero. Besides, we can see that
the sign of the observed maxima is reversed when traversing
the transmission zero.

We note that a single-time dependent harmonic potential
does not break time reversal symmetry (TRS) (being defined
as the existence of a time 7, such that the Hamiltonian which
is a function of the time ¢ satisfies H(#o + 1) = H(to — t)). It
is the magnetic field that breaks TRS and allows for pumping
to occur. Note, however, that this is true only whenever mag-
netic flux is different from the half integer multiples of the
flux quantum. For a magnetic flux of n, for example, the
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FIG. 2. (a) Transmission probability from left to right as a function of the
applied magnetic flux and the Fermi energy (for vanishing spin-orbit interac-
tion). (b) Same as (a) for the pumped current. Note the emergence of local
maxima/minima close to the parameters where a transmission zero is
observed.
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Hamiltonian does not change upon time-reversal (the phase
in the hopping term V; changes from exp(in) to exp(—in)
and therefore there is no pumped current as observed in Fig.
2(b). On the other hand, one should note that the magnetic
field alone would not produce pumping. This is the point
where the time-dependent field enters into the game. Its role
in this setup is to provide for additional effective channels
for transport, thereby circumventing the constraint of pha-
se-rigidity*® and allowing for the directional asymmetry in
the transmission probabilities.

The addition of spin-orbit interaction breaks the spin
degeneracy and at zero bias both charge and spin currents
are generated. By examining Fig. (2), one can imagine that
the spin-orbit phase may be used to tune the working point
of our pump for each spin independently. Indeed, the term
Pap + 0go enters as an effective spin-dependent flux ¢¢™.
In particular, we could choose this spin-orbit phase so that it
cancels out for one spin direction (leading to a vanishing
pumped charge for this spin) and adds up for the other, or in
such a way as to cancel the charge current while summing
up towards the spin current.

Figures 3(a) and 3(b) show the charge (solid lines) and
spin (dashed lines) currents as a function of the Fermi energy
for different values of the spin-orbit and Aharonov-Bohm
phases, while Figures 3(c) and 3(d) show the pumped current
for each spin, spin up (black solid lines) and down (red
dashed lines). As anticipated, the parameters can be chosen
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FIG. 3. (a) and (b) Pumped charge (I, dashed line) and spin currents (,
solid line), dashed and solid for different values of the applied static flux and
spin-orbit interaction: (a) ¢, = 0.2¢hg, Pgp = 0.1¢ and (b) P45 = 0.5¢,,
¢so = 0.4¢y. One can see that in (b) the charge current vanishes but the
spin current is enhanced. The spin-resolved contributions to the current for
the same cases are shown in (c¢) and (d).
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so that the currents for each spin direction have opposite
signs (Fig. 3(d)), thereby leading to a pure spin-current as on
Fig. 3(b). In this situation, the charge current cancels out
whether the spin-current is maximal.

A point that needs to be emphasized in this proposal is
that the pumped current is intrinsically non-adiabatic (this
contrasts, for example, with Ref. 10 using a similar setup but
with two time-dependent parameters). An adiabatic calcula-
tion would actually give a vanishing response. Going beyond
this adiabatic (low-frequency) limit is therefore mandatory
justifying the use of Floquet theory. On the other hand, the
pumped currents in this case emerge as an interplay between
photon-assisted processes and the interference in the
Aharonov-Bohm ring.?® A similar setup but without contacts
to electrodes were considered in Refs. 41 and 42. The spin-
orbit coupling allows to obtain spin polarized pumped
currents and the key role of the time-dependent field is to
provide for additional paths for interference breaking phase-
rigidity,”® although it does not break time-reversal
symmetry.

The setup discussed here can be realized by using the
present technologies. A quantum dot inserted in a meso-
scopic ring has been fabricated by several laboratories in the
last decades.*>** A particularly interesting case would be an
InGAs quantum-dot inserted in a mesoscopic quantum-ring
since InGAs has a strong spin-orbit coupling and this cou-
pling can be controlled by an electric field.*’

IV. FINAL REMARKS

In summary, we study quantum spin-pumping with a
single parameter in a configuration where the effect of the
time-dependent field is reduced to the essential one: provid-
ing for additional channels for transport. The spin-orbit inter-
action breaks the spin degeneracy and we exploit it to
generate a pure pumping spin-current through the independ-
ent tuning of the phases dues to Aharonov-Bohm effect and
spin-orbit coupling.
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