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Features of electric and thermal conductance, Seebeck coefficient as well as figure of merit in tunnelling
through a single level quantum dot connected to external ferromagnetic leads are investigated theoretically using
the equation of motion method within the nonequilibrium Green function technique. The influence of the harmonic
ac field on the transport characteristics for the considered system is discussed in detail. In particular, it is shown
that the photonic field strongly modulates the Seebeck coefficient, thus resulting in multi-peak structure of figure
of merit. Thermoelectric phenomenon in a hybrid junction with the dot attached to two ferromagnetic and one

superconducting lead is also discussed.
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1. Introduction

Time-dependent tunnelling through low dimensional
structures has attracted much attention during the last
decade [1]. In particular, such systems offer a possi-
bility to explore new phenomena dealing with photon-
assisted tunnelling transport. A number of theoretical
and experimental works have been devoted to systems
based on quantum dots (QD) coupled via tunnelling bar-
riers to ferromagnetic or superconducting electrodes (see
e.g. [2-5]). Souza et al. [2] showed that spin-polarized
electrons in the ferromagnet-QD-ferromagnet (F-QD-F)
tunnelling junction, can tunnel through inelastic photon-
assisted transmission channels. Also, it was shown that
due to Zeeman splitting of the dot level one may con-
trol current polarization by changing gate frequency. In
turn, Chi and Dubi [3] studied thermoelectric features of
the same system F-QD-F, and they predicted that ad-
ditional tunnelling channels may induce an enhancement
of figure of merit. When superconducting electrode is
connected to the system the so-called proximity effect
occurs and it gives rise to the Andreev resonance picks
in the differential conductance. Sun et al. [4] showed
that in the system based on QD attached to normal and
superconductor leads (N-QD-S), additional conduction
channels in the region of superconductor energy gap may
appear. It has been shown that due to photon-assisted
Andreev tunnelling a series of satellite peaks emerge on
both sides of the main resonances of the conductance.
In [5] the thermoelectric effect in the N-QD-S system
has been studied. Thermal properties of the system in
Kondo regime have been investigated for different super-
conducting gaps and it was predicted that thermopower
may be enhanced at temperatures close to the supercon-
ducting transition temperature.
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The aim of the present paper is to discuss photon-
assisted tunneling transport through a quantum dot at-
tached to two ferromagnetic and one superconductor
leads. Thus, modifications of thermoelectric characteris-
tics due to interplay between the dot-photon and the dot-
superconductor coupling strengths are analyzed. In par-
ticular, we predict that the Andreev transmission occur-
ring in the presence of the harmonic ac photon field gives
rise to a significant suppression of the Seebeck coefficient
with increasing dot-superconductor coupling strength.

2. Model and method

Consider a non-interacting, single-level quantum dot
weakly coupled to two ferromagnetic and one super-
conducting external electrodes (Fig. 1). The system
is described by the model Hamiltonian given by H =
>, Hf + Hs + Hgp + Hr. The first part of Hamilto-
nian, Hp = >, EvkoC ) Cuko, describes ferromagnetic
electrode (with v = 1 for first and v = 2 for second
electrode), where €,, is the single-particle energy and
ci,w (cukeo) is creation (annihilation) operator for particle
with wave vector k£ and spin ¢ in v electrode. The sec-
ond part is BCS Hamiltonian for superconducting lead,

Hs =3, EpoShoSpo + >p (Assimsg + Aé‘spﬁ—m)a
with €,, being single-particle energy with wave vector
p and corresponding creation s;fm (annihilation sp,) op-
erator, A is superconductor energy gap. Quantum
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Fig. 1. Schematic of the system. Quantum dot (QD)
is coupled via tunnelling barriers to two ferromagnets
(F1, F2) and to a superconductor (S).
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dot is described by Hop = ¢(t)Y., did, with time-
dependent level of the dot, €(t) = &g + Agcos (wpt)
and creation df (annihilation d,) operator. Here, A
describes the strength of the dot-photon field coupling,
whereas wy stands for photon frequency. The last term
of the model Hamiltonian is the tunnelling term, Hy =
> Yk Thodicoke + 3, 5 Tpodbspo + Hec., with tun-
nelling amplitude T} (7,,) between v-th ferromagnetic
(superconducting) electrode and the quantum dot.
Using nonequilibrium Green function method and
Dyson equation we can determine the time-averaged re-
tarded Green function as (see [1] for details) GF (w) =

S L J? (ﬁ) GE (w), with J, being n-th order

n=—o00 “n \ wo

Bessel function and G (w) = [[g{fn (w)]f1 — ol (w)}

Main contribution from ac field is visible in un-
coupled dot Green function g&, (w), where in 4x4
Nambu representation it takes the form of diag-
onal matrix with [g(lfn (a.z)]71 = w F gy F nwo,
where minus sign is for gf 1 (W), g 33 (w) ele-
ments and plus sign is for gf 5o (W), g&% 44 (w) ele-
ments of the matrix. In linear response regime ther-
moelectric properties can be calculated from equa-
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tions for charge conductance G = e?Y"_ Lg,, thermal
conductance £ = %[>, Las — (3, L15)?/(X, Loo)],

: _ _ 1 Li,

Seebeck coefficient S = 5T 2o Tor and figure
. 2 .

of merit ZT = 95T where coefficients L,, =

— [ dw (w—p)" %S:J)Tg (w) with p being chemical po-
tential and f (w) Fermi-Dirac distribution. If only an
effect of superconducting electrode on thermoelectric
transport between ferromagnetic electrodes is to be stud-
ied, for the transmission coefficient we take T, (w) =

St 2 (80) (GR (@) THGH (@) T3),, (i = 11 for
o =1 and it = 33 for o =]) with I'’;, being diagonal cou-
pling matrix between QD and v-th ferromagnetic elec-
trode with elements I'z, = I'fy (1 £ P¥).

3. Numerical results

To investigate thermoelectric properties of the system
within the Andreev tunnelling regime, we take for calcu-
lations an infinite superconductor energy gap A — oc.
Moreover, low temperature kgT = 0.001 is assumed and
equilibrium situation p = 0 is taken into account. Ferro-
magnetic leads are coupled to QD with a fixed strength,
Ty = F}O = FJ?O = 0.1, and the polarization of each
electrode is assumed to be P = 0.5.
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Fig. 2.

€

Electric conductance G (a), thermal conductance & (b), Seebeck coefficient S (c) and figure of merit ZT (d) as

a function of dot’s level position ¢ for selected values of the QD-S coupling strength parameter I'so. The parameters
describing the ac field are wp = 0.1 and Ag = 0.4. The insets on the right upper side of each a)-d) panel show the
corresponding characteristics calculated for Ay = 0. The effect of the lead polarization is shown in the insets located
on the left upper side of each a)-d) panel, where G, x, S and ZT are shown for the case of I'so = 0.1, P = 0 (black

lines) and P = 0.5 (red lines).

Figure 2 shows electric conductance G, thermal con-
ductance &, Seebeck coefficient S and thermoelectric fig-
ure of merit ZT versus dot energy level g, obtained for

selected values of the quantity I'sy. Consider first the
situation without the photon field (see the insets on the
right upper side of each panel in Fig. 2). When the su-
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Fig. 3. Position of the main and side resonances in
spectral function versus the QD-S coupling strength
parameter [so. The splitting of the main resonance
(n = 0) into the two Andreev bound states appears
at I'so = I'yo = 0.1. For increasing I'so, the satellite res-
onances are slightly shifted towards higher frequencies.

perconductor lead is uncoupled, I'sy = 0, then the charge
conductance has one resonance peak at £g = 0 with the
maximum value 2%. With increasing [I'yg the conduc-
tance decreases and for strong enough coupling to super-
conductor (see the case of I'so > I'yg) we can distinguish
two peaks corresponding to the Andreev resonances lo-
calized at ¢ =~ :I:F;’. As clearly seen in Fig. 2b, ther-
mal conductance follows the behavior of the charge con-
ductance. By contrast, the other thermoelectric char-
acteristics, i.e. the Seebeck coefficient and the figure of
merit are insensitive to the variation of the Iy param-
eter (see insets in Fig. 2c, d). For the system without
the ac field, thermopower is antisymmetric with respect
to the position of the dot level. When dot level is be-
low chemical potential ¢ = 0 mainly holes participate in
thermal flow of particles and thermopower stays positive.
When crossing chemical potential electrons starts domi-
nate transport what is corresponded to changing sign of
thermopower to negative. Thus the figure of merit, being
the measure of the thermoelectric efficiency, exhibit the
minimum at €9 = 0 and two maxima corresponding to
maximum values of the Seebeck coefficient.

The thermoelectric features of the system change dra-
matically if the transmission occurs in the presence of
the photon field. First, notice that on both sides of the
conductances photon sidebands appear, located at pho-
ton energies +nwg. Height of each peak is modulated by

square of n-th Bessel function J> (%?) Thus, for the as-

sumed strength of the dot-photon coupling described by
Ao minima appear at €9 ~ +wg. The latter property is
a photon-driven interference effect. Moreover, as a result
of an interplay between the ac field as well as the coupling
to the superconductor lead, the conductance suppression
is observed.

Second, the photon field gives rise to suppression of
thermopower and figure of merit. Simultaneously, the ac
field leads to oscillations of these quantities with respect
to the position of the dot discrete level. In contrast to

the case of Ag = 0, for which the Seebeck coefficient
and figure of merit overlap with varying Iy, our results
show that a I'sp-dependent, ac field-induced splitting of
S and ZT characteristics may occur. Moreover, a further
suppression of thermopower and figure of merit with in-
creasing I'yg is observed.

Finally, it is found that the QD-S coupling strength
gives rise to renormalization of the photon satellite states.
It is shown in detail in Fig. 3, where the positions of the
main and the first three photon resonances in the spectral
function for the system are displayed for a wide range of
the I'so (and fixed I'yo) parameter.

The effect of polarization of the external ferromagnetic
leads on the transport properties of the considered hybrid
system has been studied, as well (insets on the left upper
side of each panel in Fig. 2). It is seen that in the presence
of the AR phenomenon the spin-polarized transmission
gives rise to suppression of the conductances. Simultane-
ously, one observes an enhancement of oscillations of the
thermopower and ZT with increasing P.

4. Conclusions

Using nonequilibrium Green function method we have
studied thermoelectric phenomenon in a hybrid tun-
nelling junction based on a single level quantum dot inter-
acting with a harmonic photon field and coupled weakly
to two ferromagnetic electrodes and to one superconduc-
tor lead. We have shown that the ac field may modulate
significantly the thermoelectric characteristics, leading in
particular to multi-peak dependencies of the electric and
thermal conductance as well as to oscillations of ther-
mopower and the figure of merit. By taking into ac-
count the influence of the third, superconducting lead we
have found that for transmission in the Andreev tunnel-
ing regime one may observe significant suppression of the
charge and thermal transport characteristics. Finally, a
splitting of thermopower with respect to the QD-S cou-
pling strength has been predicted.
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