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We consider the problem of particle tunneling through a periodically driven ferromagnetic quantum
barrier connected to two leads. The barrier is modeled by an impurity site representing a ferromagnetic
layer or a quantum dot in a tight-binding Hamiltonian with a local magnetic field and an ac-driven potential,
which is solved using the Floquet formalism. The repulsive interactions in the quantum barrier are also
taken into account. Our results show that the time-periodic potential causes sharp resonances of perfect
transmission and reflection, which can be tuned by the frequency, the driving strength, and the magnetic
field. We demonstrate that a device based on this configuration could act as a highly tunable spin valve for

spintronic applications.
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Using and controlling spin degrees of freedom in
electronic circuits hold much promise for future devices
[1]. Such spintronic applications require spin-dependent
transport and spin polarized currents, but ordinary ferro-
magnet-semiconductor interfaces are known to be ineffi-
cient for this purpose [2]. Spin filters have been proposed
using quantum dots [3], spin orbit coupling [4], hybrid
structures [5], or even DNA [6]. Lateral periodic structures
can theoretically achieve 100% spin-filter efficiency based
on Bragg reflection at a given energy interval [7], but they
are difficult to realize and are not easily tunable. In this
Letter we now show that a time-periodic modulation of an
ordinary local gate voltage not only leads to a perfect spin-
filter mechanism but also enables highly tunable and even
switchable devices.

Specifically, we study the transmission of electrons
through a ferromagnetic quantum barrier with an oscillating
driven gate potential and connected to two leads, as
illustrated in Fig. 1. We consider current excitations of
opposite spin in a generic band structure modeled by a
tight-binding chain with nearest neighbor hopping ampli-
tude J. A periodically driven gate with angular frequency @
and amplitude y is imposed upon the quantum barrier at the
central site together with a local magnetic field B. The
possibility of a local electron-electron interaction of
strength U and a local potential energy e, on the barrier
is also included. The resulting Hamiltonian reads (A = 1)

H= —JZ(CZGC;'H,(; + Cj—+1,aci,rr)
i,

~—

+ Z[ed — ucos(wt) — ab]cgﬁcoﬁ + Ungsng; (1

in standard notation where b = (ug/2)B. Local driving
has recently become of interest in the literature [8—13].
Remarkably, single particle transmission through a
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periodically driven impurity without a magnetic field can
give rise to sharp resonances, where the transmission
vanishes completely—even for infinitesimally small driv-
ing amplitudes [12,13]. We now show that the addition of a
magnetic field and the local potential energy not only make
the transmission spin dependent but also cause an entirely
new effect of perfect transmission for special parameters.
The combination of such ballistic transmission and total
reflection for different spin-dependent parameters therefore
opens the possibility of constructing a perfect spin filter,
which may be very attractive for spintronic applications.

To calculate the transmission probability for each
spin channel, we will find steady-state solutions to the
Schrodinger equation

[H(1) = i0,]|¥(1)) = 0 (2)

using the Floquet formalism [14] for a time-periodic
Hamiltonian of the form H(t) = Hy + 2H, cos(wt), as
in Eq. (1). The steady-state solution is a so-called
Floquet state |¥(7)) = e~*!|®(¢)), which can be deter-
mined by the eigenvalue equation

[H(2) = i0,]|®(1)) = e|®(1)), (3)

where |®(7)) = |®(r + 27/ w)) is time periodic and € is the
quasienergy. Using the spectral decomposition
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FIG. 1. Schematic setup of a ferromagnetic quantum barrier
subjected to a periodic drive and connected to two leads.
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(1) = Y e D,). (4)

n=-—oo

the eigenvalue equation becomes

Ho|®,) + H\(|®y11) + [Py-i)) = (€ + nw)|®,). (5)

The repulsive Coulomb interaction U on the barrier induces
many-body correlations, which are technically difficult to
deal with even in thermal equilibrium. As we show in
the Supplemental Material [15], it is possible to develop a
mean-field approach for Floquet systems by using a time-
dependent density on the barrier (n ) such that nj 4y | %
<I’l0’T>I’l0"L + <l’l0,¢>l’l0’1« - <no_T>(n0,¢). In this way it is
possible to use a general single particle state with spin
o, which is defined by the coefficients for all modes of the
spectral decomposition,

@) = Zfﬁ,n ¢jol0 (6)

where |0) is the vacuum state. Inserting Eq. (6) into the
eigenvalue equation (5) results in recursion relations for the
amplitudes ¢; ,. For the bulk (j # 0) we have

J( j—l.n + ¢]+l,n) = én,o‘qs;?,n’ (7)
where
€ =€+ UP,, + no. (8)

Here, we have defined a mean-field parameter f,, =
Y mVmoVn-mz and Uy o = > hF PG s, Using the nota-
tion 6 = —o. In contrast to ordinary mean-field calcula-
tions, it is essential that the density on the driven quantum
barrier is time dependent [15]. This has the interesting
consequence that all Floquet modes become coupled at the
quantum barrier for j = O:

Y2/
=T+ B50) =5 B + BG0t) + UD_WinoG
m

= (€, — €4+ 0ob)¢5 . 9)

The time-periodic potential in the quantum barrier is not
energy conserving and can cause scattering into other
Floquet modes n. For an incoming wave with wave number
ko for the mode n = 0 with quasienergy € = —2J cos k, the
solution of Eq. (7) has the form

@) = [6,04e™ic] 4+ 7y, ot ]]0)
j<0
+Y et et 10) + E, 4cf,10). (10)
Jj>0

where the wave numbers are given by —2Jcosk, =
€ + nw. If |¢ + nw| < 2J, k, is real and the corresponding
plane wave solutions are delocalized over the entire chain

(unbound channels), which is always the case for the
incoming wave n = (0. For modes with € + nw < =2J,
k, = ik, is imaginary and the solutions decay exponen-
tially around the impurity (bound channels). For
€+ nw > 2J the solutions decay and oscillate with a
complex wave number k, = ik, + z. Using Eq. (7) it
can be seen that

E =

n,o tn.o’ =

Tno + 6,04, (11)

capturing the inversion symmetry of the lattice with respect
to j=0. Inserting the amplitudes ¢7, that arise after
Eq. (11) back into Eq. (9), we obtain a recursive relation for
the coefficients E,, ,:

4iJ . 2
En+l,{f + En—l,o' = —78111 kn(En,{r —_ A5n,0) + ; Uyn

~26(b~ 06)E, (12)

]
which is the central equation that needs to be solved by
requiring the convergence E|, ., — 0. Here, the influence
of the interaction is captured by the term vy,, =
Zmym,aqﬁg’n_m, which obviously depends on the total
density of particles with opposite spin and can be iteratively
determined self-consistently. In the following, we assume
an unpolarized incoming current composed of equal
amplitudes for opposite spin.

For the transmission coefficient, it is useful to observe
that the current of the incoming wave (normalized to
|A|? sin k) has to equal the sum of all outgoing waves,

Y (ol + ltnol?) sin(k,) = AZsin(k).  (13)

n

Therefore, the total transmission can be expressed in terms
of the solution for E, ,,

ReEO’(,

Sln
T, A2 ZTna :A2 Zl na|2 Sll’l A

ke

U

Elﬂ Els '~:|’
uk—z(EO +52) —iob,

(14)

where we have used Eq. (12) for n = 0 in the last line, with
u; = 2Jsin kg as the incoming particle velocity and

éo’ =b- 6(€d + UYO,(T/EO.D')’ (15)

Let us first consider the effect of a magnetic field b
without interactions U =0 and for vanishing on-site
energy €, =0, as shown in Fig. 2 as a function of the
incoming energy —2J < ¢ < 2J. Since the results are the

same for ¢ - —e and l;(, — —Z;J, only the energy range of
the upper half of the band is shown. Maybe the most
striking features are the points of complete reflection 7 = 0
at certain energies €. For b = 0 these reflection points were
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FIG. 2. Transmission (solid line, spin-up; dashed line, spin-
down) for a perturbation with @ =3J, y=J and various
magnetic field strengths » as a function of e. The interaction
is turned off (U = 0) and ¢; = 0.

linked to the phenomena of Fano resonances and are known
to occur even for arbitrary small driving amplitudes ¢ — 0
at incoming energies € — @ — 2J [12,13]. For 6b < 0 there
are no such resonances, but for b > 0 the points of perfect
reflection now shift to lower energies and we observe a new
feature of perfect transmission at nearby incoming energies,
which opens the possibility of constructing a perfect spin
filter, as outlined below. To estimate the locations of the
zero transmission resonances, it is instructive to consider
the recurrence relation in Eq. (12) for n # 0, which can be
written as E, |, + E,_ , = a,E, ,, where

a, :E [—sgn(n)\/ (€ + nw)* —4J% — al;g} . (16)

For small driving amplitudes u — 0, the «, values grow
beyond bounds, but a resonance condition Ey,/E_; , = 0
in Eq. (14) is still possible for a_; — 0, so that the points of
zero transmission are given by

B -\ + B (17)

for b > 0. As mentioned above there are corresponding
resonances for ¢ - —e and reversed spin (or field).
However, if the frequency is too small or the field is too
large, so that the expression in Eq. (17) becomes negative,
the resonances are pushed outside the band and there will
be no points of zero transmission for any energy. On the
other hand, for any given incoming energy e in the band, it
is possible to find a sufficiently high frequency so that
Eq. (17) can be fulfilled.

The points of perfect transmission 7 = 1 in Fig. 2 are
also linked to the Fano resonance, which has been studied
for static side coupled systems [16]. In our case the

effective magnetic field ol;(, in Eq. (15) leads to a finite
Fano asymmetry parameter and therefore a nearby point of

u=J,0=3J,b=0.16J,e4=-0.66J,U=0
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FIG. 3. Transmission behavior of both spin channels for a

perturbation with Aw = 3J, y = J, a magnetic field strength
b =0.16J, and a constant potential ¢; = —0.66J showing the
possibility for a perfect spin filter.

perfect transmission. Basically, the reduced Zeeman energy
enhances the local occupation at the impurity site and
increases transmission through the barrier. This effect can
also be achieved by a local potential energy e¢; as an
additional tuning parameter. Specifically, it is straightfor-
ward to choose a negative value of ¢; and a small positive

value of b, so that the effective on-site energy ob, is
attractive for both spin channels but resulting in a spin-
dependent shift in Eq. (17). In Fig. 3 the parameters b =
0.16J and ¢; = —0.66J were chosen so that the trans-
mission maximum for spin-up occurs at the same energy as
the resonance of perfect reflection for spin-down. This
demonstrates that it is possible to create a perfect spin filter
by a combination of a static magnetic field and a local time-
periodic potential. _

In the high frequency regime o > J, b, the coefficients
a, in Eq. (16) can be expanded to first order in w~'. The
resulting (approximate) recurrence relation has an exact
solution in terms of Bessel functions of the first kind 7 (x)
[13,17]. Thus, in this regime we can obtain an analytical
approximation for the transmission

2
Ui

i + By (u/) + b,

T,~

o

]2, (18)

where y(u/w) = [\71_5/(,,_,755/,,,(#/0))]/[j_g/a,_gi,a/w (u/w)]—=
[‘71+e/w+al;6/a)(ﬂ/w)]/[je/eraé,,/w('u/w)]' A Comparison
between this approximation and the exact result is shown
in Fig. 4, which already coincide almost perfectly for
@ = 10J. Moreover, a first-order expansion of y(u/w) in
¢ + ob, leads to an analytic estimate for the location of the
point of perfect transmission T, =1 at 7 (u/w)? =ob, /e+1.
We see that tuning of the resonance locations is, therefore,
equally possible by changing y or w.
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FIG. 4. Transmission of both spin channels for a perturbation
with @ = 10J and a magnetic field of » = 0.5 as a function of u.
The interaction is turned off (U = 0) and ¢; = 0. The dashed
lines correspond to the approximation from Eq. (18).

Last but not least, the effect of interactions where U # 0
must be considered. As can be seen in Eq. (15), the main
effect comes from the renormalization of the effective

magnetic field b, through a spin-dependent contribution to
the local potential energy €, + Uy, ,/Ey , in the mean-field
approximation. Therefore, a similar effect as seen in Fig. 3
is observed in this case, where two independent Fano
resonances appear for each spin channel. The position of
the resonances is approximately given by Eq. (17), with a
small shift in comparison with the noninteracting case,
which is self-consistently calculated within the mean-
field approximation through the parameter Uy ,/E,-
We notice that, at high frequency @ and small amplitudes
u, the occupation of the Floquet coefficients n # 0 becomes
negligible, and hence in this limit one has Uy,,/E, ~
U(ny.,), such that the effective site energy is approximately
€4+ U(ny,), which is precisely the Hartree-Fock expres-
sion for a static impurity subject to a local interaction
[18,19]. This is consistent with the interpretation following
Eq. (18) that, in the very high frequency regime, the
oscillations can be averaged and effectively described by
static fields and local potentials [12,17]. In particular, using

an effective field on the barrier by = b, + o(u/ 2)y(u/w)
gives the same high frequency transmission coefficient
T = b2/ (ui + b%;); i.e., the local potential must simply
be shifted by (u/2)y.

It should be pointed out that the interacting model
without driving has also been of interest for studying the
Kondo effect [20] using semiconductor quantum dots or
single-molecule transistors [21-24]. Recently, the non-
equilibrium steady-state conductance as a function of a
constant bias voltage has been of considerable interest
[25-33]. The oscillating potential now offers the different
type of steady state discussed above. At the same time the
Kondo effect comes into play if the states in the barrier are

degenerate at low temperatures and finite U, which is not
captured by the mean-field approach. Future research may
therefore show an interesting interplay between the Kondo
effect and Floquet states in this system.

The experimental implementation of such a perfect spin
filter is not limited to a quasi-one-dimensional setup with
the central quantum dot shown in Fig. 1 since the effect can
also be derived in the same way for any system where the
transport channels go through a ferromagnetic layer with
a tunable time-periodic potential. A solid-state device
requires relatively high frequencies on the order of the
incoming energy, which is normally the Fermi energy
relative to the band edge. Therefore, systems with low
filling, small hopping, or large effective mass are most
promising in this respect. Ferromagnetic dots on the
nanoscale have been produced by laser irradiation [34]
and by the proximity effect [35]. Using corresponding
experimental values for the density of 7, = 2 x 10" /cm?
[34], we arrive at a Fermi energy of ey = nh’n,p/m, ~
0.5 meV for 2D electrons. The corresponding driving
frequency of more than 100 GHz to find the resonance
is certainly a challenge, but measurements [36] and tunable
oscillators [37] in this range have been reported. Driving of
magnetic layers with terahertz radiation has also been
suggested [38] to modify systems with even larger band-
widths. In experimental systems temperatures will also play
an important role since the energy spread of the incoming
current will be broadened by the finite-temperature Fermi-
Dirac distribution. In order for the spin filter to work, it is
therefore essential that the temperature must be less than
the width of the resonance, which is more than an order of
magnitude smaller than the driving frequency in our
simulations. Using the experimental numbers from above,
we arrive at a width of about 0.05 meVor 7 < 0.5 K.

Much progress has also been made in quantum simu-
lators using ultracold gases, where periodically driven
tight-binding systems can be realized with optical lattices
and cold atom systems [39]. These types of systems have
provided an exciting scenario, not only as experimental
simulations of solid-state models but also to test configu-
rations with potential new features [39—47].

In conclusion, we have analyzed the effect of a local
time-periodic potential on the transport through a ferro-
magnetic quantum barrier including local potentials, fields,
and interactions. In contrast to static gating and filtering
mechanisms, the periodic drive allows points of perfect
transmission and complete reflection, which is useful for
the generation of tunable spin currents. To achieve com-
plete reflection for spin-down and perfect transmission for
spin-up as shown in Fig. 3, two parameters must be
tuned, such as the local static potential and the driving
frequency.
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