-

P
brought to you by .i CORE

View metadata, citation and similar papers at core.ac.uk

provided by Digital.CSIC
PHYSICAL REVIEW B 94, 054506 (2016)

Large thermoelectric power and figure of merit in a ferromagnetic—quantum
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We investigate the thermoelectric properties of a quantum dot coupled to ferromagnetic and superconducting
electrodes. The combination of spin polarized tunneling at the ferromagnetic—quantum dot interface and the
application of an external magnetic field that Zeeman splits the dot energy level leads to large values of the
thermopower (Seebeck coefficient). Importantly, the thermopower can be tuned with an external gate voltage
connected to the dot. We compute the figure of merit that measures the efficiency of thermoelectric conversion
and find that it attains high values. We discuss the different contributions from Andreev reflection processes and
quasiparticle tunneling into and out of the superconducting contact. Furthermore, we obtain dramatic variations
of both the magnetothermopower and the spin Seebeck effect, which suggest that in our device spin currents can

be controlled with temperature gradients only.
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I. INTRODUCTION

The quest for energy harvesting devices that efficiently
convert waste heat into electricity has been intense in the past
decades. It has been argued that low dimensional systems offer
better performances due to interfacial boundary scattering of
phonons [1] and strongly energy dependent transmissions
[2]. The generated thermopower is given by the Seebeck
coefficient S as the ratio between the created electric voltage
and the temperature difference applied across the device
with vanishing net current [3]. It turns out that electron-
hole asymmetry present in the system determines the size
of the thermoelectric effects given by S. The reason is that
the electron and hole thermocurrents generated in response
to a thermal gradient flow in opposite directions and for a
particle-hole symmetric density of states (DOS) they exactly
cancel each other, thus giving zero thermovoltage.

On the other hand, even if the Seebeck coefficient is large
a heat current inevitably accompanies a temperature gradient.
The efficiency of the thermoelectric process is then determined
by the dimensionless figure of merit Z7, which accounts for
the relation between the thermoelectric power factor and the
heat or thermal conductance [4]. One would naively think that
maximization of the figure of merit is expected in supercon-
ducting materials, which are perfect electric conductors and
poor thermal conductors. However, the problem is that the
superconducting DOS exhibits electron-hole symmetry and
hence the thermopower is strongly suppressed [5].

Recent proposals suggest that electron-hole symmetry
can be broken if the superconductor is put in proximity
of ferromagnetic contacts [6] or by combining an external
magnetic field with a spin filter [7]. The symmetry breaking
originates from an exchange field induced splitting of the spin
up and down energy subbands in the superconductor. As a
consequence, large thermoelectric effects are predicted. The
effect disappears if the spin polarization of the ferromagnetic
side of the junction vanishes. A very recent work reports the
observation of enhanced thermocurrents in superconductor-
ferromagnet tunnel-coupled junctions [8]. Similarly, large
values of the Seebeck coefficient are found in superconducting-

2469-9950/2016/94(5)/054506(9)

054506-1

normal bilayers with spin active interfaces [9] or if layered
structures are considered [10].

Here, we propose to insert a quantum dot between the
ferromagnetic source electrode and the superconducting drain
contact as in Fig. 1. The advantage of the setup lies on
the easy manipulation of the electron-hole symmetry in the
local DOS by electrically coupling the dot to a nearby gate.
The thermopower thus acquires a characteristic sawtooth
structure as the gate potential sweeps across resonances in
a semiconductor dot attached to normal leads [11,12]. The
gate voltage also controls the electron number in the dot.
Furthermore, the sharp resonances in the dot allow us to
play with energy filtering effects that may lead to an optimal
thermoelectric conversion [13]. We find that the thermopower
can be tuned between 0 and 350 'V /K when the energy level
of the quantum dot is varied around the Fermi energy in the
scale of the superconducting gap. Consequently, the figure of
merit ZT increases from zero up to 6.

The hybrid system considered here is also interesting for
fundamental reasons. It is well known that at low bias voltages
the dominant transport mechanism at the interface between a
metal and a superconductor is an electron-hole conversion
known as Andreev reflection [14]. The Andreev reflection
generates a Cooper pair in the superconducing condensate and
as such involves a spin flip process. Therefore, when the metal
is ferromagnetic one expects a strong impact in the current—
voltage characteristic of a ferromagnetic-superconducting
junction as a function of the magnetization distribution [15,16].
One of the most spectacular effects is the appearance of
drag currents in three-terminal structures as a result of cross
Andreev processes [17-20]. Insertion of a large quantum
dot increases the strength of the effect [21]. Additionally,
ferromagnetic—quantum dot—superconducting systems serve
as excellent platforms to study spin correlation effects [22].

Yet, we [23] recently pointed out that the Andreev current
of a normal-quantum dot—superconducting device is zero to
all orders in the temperature shift and therefore Andreev
processes cannot alone generate finite thermovoltages due
to the Onsager reciprocity relation [24,25]. This also holds

©2016 American Physical Society
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FIG. 1. Schematic illustration of our device. A quantum dot (D) is
sandwiched between the left electrode, which is hot and ferromagnetic
(F), and the right reservoir, which is cold and superconducting (S).
The tunnel couplings are indicated. We note that the hybridization
between the source contact and the dot is spin dependent with o =
{1, |}. The energy level of the quantum dot can be tuned with a
capacitively coupled gate terminal (not shown here).

for a ferromagnetic contact, as we show below. Hence it is
crucial to take into account the role of quasiparticle currents.
These appear when single electrons fill states in the source
contact and can tunnel to empty quasiparticle states in the
drain. The quasiparticle current [see Eq. (9) below] depends
on the quasiparticle transmission [see Eq. (25) below], which
is a function of superconducting density of states and changes
abruptly on the scale of A. Therefore, we need Zeeman field
splittings of the order of A to create abrupt changes in the
thermopower. In addition, we observe enhanced values of
the Seebeck coefficient for ferromagnet polarizations close to
the half-metallic case because the Andreev conductance term
sharply decreases when the polarization approaches 100% and
the thermopower thus increases [6]. The sensitivity of S to
the polarization is also reflected in the magnetothermopower,
which shows strong variations as a function of the energy level
and the Zeeman splitting upon reversal of the magnetization.
Remarkably, we find very large values of ZT as a result of the
combined effect of external magnetic fields, spin polarization,
and appropriate tuning of the dot energy level.

We also explore spin caloritronic effects that arise when a
spin polarized current is generated under the influence of a
temperature bias [26-28]. For Andreev processes we below
demonstrate that the spin current vanishes even if Zeeman
splittings or spin-dependent tunnel couplings are present. This
is valid even in nonequilibrium conditions (finite voltage and
temperature biases) and is due to a symmetry between the
electron and hole sectors. However, the quasiparticle current
is free from this constraint and we expect, quite generally,
nonzero spin currents in temperature driven junctions. A way
to quantify thermally generated spin voltages is to define the
spin Seebeck coefficient S;. It is natural that when the ferro-
magnet polarization and the external magnetic field are zero the
spin thermopower vanishes. Nevertheless, we obtain values of
S, as large as 500 ' V/K in the presence of Zeeman splittings
and nonzero magnetization. Our findings thus suggest that a
ferromagnetic—quantum dot—superconducting device is a good
candidate to create large spin population imbalances using
thermal means only.

The paper is organized as follows. In Sec. II, we explain
the theoretical model. The magnetization in the ferromag-
netic contact leads to spin-dependent tunneling rates for
the ferromagnetic—quantum dot coupling. We discuss both
the electric current and the heat flux driven by voltage
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or temperature biases and separate the contributions from
Andreev processes and quasiparticle tunneling. In Sec. III
we give the transport coefficients (electric, thermoelectric,
electrothermal, and thermal conductances) that characterize
the linear transport regime. We show that the cross responses
obey the Kelvin-Onsager relation. We also derive appropriate
expressions for the charge thermopower, the figure of merit,
and the spin Seebeck coefficient. Section IV contains our
main results. We discuss the dependence of the thermoelectric
effects for both charge and spin on the spin polarization, the
applied magnetic field, and the external gate voltage. Finally,
we summarize our findings in Sec. V.

II. HAMILTONIAN AND GREEN’S FUNCTION APPROACH

The F-D-S device is comprised of the left ferromagnet (F)
with a polarization p (|p| < 1), a single-level quantum dot
(D), and the right superconductor (S) as depicted in Fig. 1.
The total Hamiltonian reads

H=Hr+Hs+Hp+Hr, ()
where
Hr = ZngacJ;:]mCFka 2
ko

describes the charge carrier with momentum k, spin ¢ with
a magnetization Mo along the given axis (say z) in the left
ferromagnet, and

Hs = ZSSkoci‘kaCSka + Z[ACTS,_MC;H +Hc] Q)
ko k

describes the right superconductor with an order parameter
given by the energy gap A. We neglect the phase of A and
treat it as a real constant. This is valid with a suitable gauge
transformation when we consider an equilibrium supercon-
ductor. In what follows, we set A = 1 as an energy unit. In the
dot Hamiltonian

Hp =Y eapd)ds. 4)

the spin-degenerate energy level can be split when the mag-
netic field is on, i.e., &4, = &4 + 0 Az with Zeeman splitting
Az. Scattering at the ferromagnet creates spin-dependent
scattering phases that to first order induce an additional
effective Zeeman splitting and can be included into Az [29].
Finally, the charge tunneling between the quantum dot and
each lead is described by

Hr =Y troChigds + Y  tsoCli,ds +Heo (5
ko ko

We ignore spin-flip scattering (see, however, Ref. [30])
and evaluate the spin-resolved charge and heat currents
from the time evolution of spin-o electron number Ng, =

> c}ka Crko and the energy Hr, = D, spkchkUcha in the
left ferromagnet

I, = —(ie/W)([H.NFs]), (6)
Jo = —(/W([H,HFol) — IV, @)
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where the last term corresponds to the Joule heating. Applying
the nonequilibrium Keldysh-Green formalism [31,32], we find
that the current for each spin I, = I + 1) is given by a sum of
two terms, i.e., the spin-resolved Andreev current /§ and that
of quasiparticle contribution /J, in terms of their corresponding
transmission probabilities 7 and 77,

I3 = 2/618 T{ @I fr(e —eV) = frie +eV)],  (8)

5= / de T(©)Lfr(e —eV) — fs©l ()

where fy_r s(e £eV) = {1 +expl(e £eV — Er)/kgT,]}"
is the Fermi-Dirac distribution with the applied voltage
V = Vg — Vs and the electrode temperature T, = T + 6, (T':
background temperature; 6,: thermal bias). For definiteness,
we drive only the F lead assuming that the right superconductor
is at equilibrium (Vg = 65 = 0) and take the Fermi level as the
energy reference (Er = 0). Similarly, the heat current is given
by J, =J] + Jg with

Ji = -2VI7, (10)

1
= / de(e — eVTG @) fre — V) = fs(@)l. (1)
In Eq. (10), the Andreev energy flow cancels out due to the
particle-hole (p-h) symmetry and only the Joule part survives.

In other words, we have

1
I = - / de(e — eV)T (&) fr(e —eV) — fr(e +eV)]

(12)
and
|
T =7 / de(e + eV)TI () fr(e + V) — fr(e —eV)].

13)
Hence J§ = Jf,’:,) + Jf{j,) = —2VI{. Importantly, this property
causes the Andreev heat current to vanish in the linear response
regime when we apply a small voltage bias (i.e., no Peltier
effect). Note that the factor 2 in Eq. (10) comes from an equal
contribution of particle and hole to the heat current.

The key quantities to determine the transmission probabil-
ities 77 and T§ are the dot retarded Green’s functions G7,(¢e)
(i,j = 1,2,3,4) calculated in the spin-generalized Nambu
spinor basis d = (dT’dI’divdDT

Ghi(e)  Giy(e) 0 0
Ghi(e)  Gy(e) 0 0

G(e) = 0 0 | Gule) Giyle) |2 U
0 0 ‘Gfg(s) Glae)

where 2x2 submatrices in the first block (i,j = 1,2) and
the second block (i,j = 3,4) correspond to the electron
spin-up and spin-down spaces, respectively, with subscripts
1, 3 denoting electron sectors and 2, 4 referring to hole
parts. The whole matrix in Eq. (14) is block-diagonal since
we have ignored spin-flip processes, which thus separates
the spin spaces. The Green’s functions are explicitly given
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by [30,32]
T i ir M2A24%(e)1"
Gy = & —é&qp + ZFT +Tsﬂd(s)+ﬁ )
(15)
- . . -—1
. iTp, il T2A2A(s)
B = |8 T +Tﬁd(8)+ﬁ :
(16)
r r r lFS r
=G = 117,30(8)/‘1(8% (17)
r r r lFS r
Gy =G = _G337,30(8)A2(8), (18)
with

. . -1
A?(s)=[a+ad¢+’r”+%ﬂd(s>} . (19)

2
. . —1
Al(e) = [e +ear + lrz” + %ﬂd(w] . (20
O(le] — A)lel  .O(A — [e])e
Ba(e) = e —i ik @2n
O(le] — A)sgn(e)A  O(A — |g])A
Bo(e) = — — i T (22)

The remaining Green’s functions follow from Eqgs. (15) and
(16): G%, () = —G5; (—¢) and Gl (e) = —G' (—e). We have
used the wideband approximation, i.e., energy-independent
tunnel couplings, I'r, = p(l +0op) = 27 |tro |? > 8 —
€rio) and gy = Ig = 27 |tgo | Zp 8(¢ — e5po) with Ty, =
(T4 + ey )/2 being the spin-averaged coupling constant to
each lead o = F,S. The spin dependence in ['p, arises from
the nonzero magnetization in the ferromagnet,

Vy — V)
P=——"">: (23)
vty
where v, = ZkS(e — €rko) 1s the ferromagnet density of
states. We wish to point out that for p = Az = 0 the spin
dependence of the system disappears as we would end up with a
normal—quantum dot—superconducting setup [33,34]. Possible
spintronic (or spin caloritronic) nature can only emerge with
a nonzero polarization or a magnetic field, or the combination
of both, either p #£ 0 or Az # 0.
One can write the spin-resolved Andreev transmission in
terms of Green’s functions, viz.

T} () = Tt Try |Gl (24a)

Tle) = Tr Tt |Gou)], (24b)

with which the Andreev charge I{ = I[I + Ii and spin I} =

I,I — IX currents can be defined via Eq. (8). The Andreev
heat flux J§ = —2VI§ and the spin-polarized one J; =
—2VIj can be determined from Eq. (10). Analogously, the
quasiparticle charge and spin currents (and those of heat)
are respectively given by I, = Ig + Ié J§ = Jg + Jé) and
Ié = Ig — Ié (Jé = Jg — Jé) with the aid of Egs. (9) and
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(11) and the corresponding transmissions

~ 2A
Tg(S) = FFTFSOGrn ‘2 + ‘Grlz‘z - mRe[G’”GE’;]),

(25a)

s ~ ro|2 ro|2 2A r %

Ty(e) =Tr Ts( |Gh|” 4 |Gl +mRe[G33G3’4] ,
(25b)

where I's = T'sO(Je| — A)|g|/v/e2 — AZ.

For p = Az = 0, one can easily show that G, (¢) = G’,(¢)
and G',(e) = —G4,(e); hence T(e) = T{(e) and T}(e) =
Té (¢) from Eqs. (24) and (25), respectively. In this case all
the spin currents vanish identically, /3§ = Ié =Ji= Jé =0,
as expected. If either p # 0 or Az # 0, the spin symmetry
is generally broken, i.e., T/I(s) #+ TAi(s) and TQT(s) #* Té(s),
leading to a spin-polarized net current. Nevertheless, focusing
on Andreev transport only, the inherent particle-hole symmetry
strictly satisfies TAT(S) = TX(—&) even in nonequilibrium
conditions. Then, it follows from Egs. (8) and (10) that
I3 = J; =0 due to the symmetry of integrands in energy
space, i.e.,

I = %/dg[Tj(e) — T}e)]
X [fr(e —eV)— fr(e +eV)] =0, (26)

with the property fr(—e=xeV)=1— fr(e¢ FeV) (recall
that we take Er = 0). Therefore, in our model the subgap
Andreev process always prohibits the generation of spin-
polarized currents. Spin dependence of the crossed Andreev
transport can be observed in the strong coupling regime with a
multiterminal device [35], but here we consider a two-terminal
device.

In stark contrast, /5, and Jj, are generally nonzero with
a finite p or Az [see Egs. (9), (11), and (25)]. Thus net
spin currents arise only from the quasiparticle contributions
I, = Ié and J, = Jé. On the other hand, the total charge
current /. = I+ + I, and the total heat flux J. = J; 4+ J| in
general consist of the sum of both the Andreev parts and the
quasiparticle contributions. Hence we can write without loss
of generality

I.=15+ 1, 27
=1, (28)
and for the heat
Jo= 05+ T, 29)
J=15 (30)

III. LINEAR THERMOELECTRIC TRANSPORT

As can be seen in Eq. (8), the spin-resolved Andreev current
I has no response to a thermal driving in the isoelectric case
V =0 [23], and in the linear regime we only have the con-
tribution I§ = G%V with zero thermoelectric conductance.
Accordingly, the Andreev heat flux J7 in Eq. (10) has no
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linear term (the first nonzero term is quadratic). Thus in linear
response the spin-resolved charge and heat currents become

I, = (G + GV + LY, (€2)
Jo = RGV + K0, (32)

with the corresponding transport coefficients given by

2

G% = %/ds(—agf)T“, (33)

o ez a
Gy = ;/ds(—agf)TQ, (34
Ly =1 [ ae" o, (35)
Ry=% [dec - Ep-antg. GO

1 — Ep)?

ky=; [a " cantg. 6D

where 9, f denotes the energy derivative of Fermi function at
equilibrium (V,, = 6, = 0). Equation (29) further reduces to
Je = Jg as there is no Andreev contribution in Eq. (32) which
only appears in the nonlinear transport regime [Eq. (10)].
Moreover, this vanishing linear Andreev heat current with
V is fundamentally linked to the Kelvin-Onsager relation,
implying that the absence of L% in Eq. (31) due to the
inherent particle-hole symmetry also guarantees the absence
of R§ in Eq. (32). For the quasiparticle coefficients, we find
R(é(p,Az) = TLZ(—p,—AZ) since the transmission obeys
the relation TX’Q(p,AZ) = TX’Q(—p,—Az) flue to microre-
versibility. This also implies X°(p,Az) = X°(—p,—Ay) for
all the kinetic coefficients X = G,L,R, K. Furthermore, we
E);aéta)lin R{ = TLY as one can easily verify from Egs. (35) and

Employing Eqgs. (31) and (32), we write the linear response
charge and heat currents as

I =Y _[(G%+ GY)V + Ly6], (38)

o

Jo=Y_[RGV + K0, 39)

o

and the spin-polarized counterparts as

I, = (Gl =GV + (L} — Ly, (40)
Jy= (R, = RYV + (K} — K)o, 41)

where we have used the symmetry relation G = Gk in
Eq. (40). Notice that Egs. (40) and (41) are consistent
with Egs. (28) and (30) when the linear response regime is
considered.

The linear responses found above completely determine the
thermoelectric properties of our device. Let us first focus on
the charge transport. The Seebeck coefficient or thermopower
is defined as the generated voltage from thermal gradients in
open circuit conditions I, = 0. This can be easily evaluated
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from Eq. (38):

14
S=——
6

LlT
- %. (42)
1.=0 ZO’ (GA + GQ)
The efficiency of the thermoelectric conversion can be
quantified by the figure of merit ZT. We first calculate the
thermal conductance with the help of Eqs. (38) and (39):

Jc 1 (Z(r R(é)z
K = — = KU —_— /. (43)
00~ 2K (G Gy
Then, we find
2 G% + G%)S*T
Jp_ GST _ %, (65+G9) )

Ko Y Ky—TSY LY’
where we have used Eq. (42) and the Kelvin-Onsager relation
in order to rewrite Eq. (43). This expression clearly shows
that a way to enhance the value of ZT is to get higher S.
In deriving Eq. (43) we have assumed that energy is carried
by electronic degrees of freedom only. We thus disregard the
role of phonons, which can be non-negligible at intermediate
values of the background temperature 7'.

We now turn to the spin-dependent transport. Quite gen-
erally, spin-dependent tunneling due to I'r, leads to spin
accumulations in the F side. It will spin split the chemical
potential of the magnetic reservoir. If the size of the electrode
is not sufficiently large and the spin-relaxation time is long,
we will have a nonzero spin bias V;. Then, Egs. (38) and (40)
are generalized as (let G, = G9 + G‘é)

I =(Gy + GV + XGy — GV, + (L), + Lp)o, (49)
I =(Gy — GV + XGy + GV, + (L}, — LY. (46)

From these expressions one can determine the spin Seebeck
coefficient

) b
L L
=T @D
1.=0,1,=0 GA + GQ GA + GQ

Ss = _E
0

which measures the generated spin voltage from the applica-
tion of a temperature difference & when both the charge and the
spin currents vanish. These conditions give a constraint for the
applied voltage. Alternative definitions of S, are also possible
[36]. Here, we have chosen the condition /., =0 and I, =0
because it is a natural extension to the theoretical proposal of
charge Seebeck case in an open circuit [37].

Another important aspect of spin transport is the depen-
dence of the thermopower on the magnetization or the applied
magnetic field [38]. We can then define the magneto-Seebeck
coefficients M S, and M Sz, which measure variations in the
thermopower when p and A7 are reversed, respectively:

MS, = S(p) = S(=p), (48)
MSz; = S(Az) — S(—=Ayz). (49)

IV. RESULTS AND DISCUSSION

The above formulas are general and can be applied to a
variety of situations. In this section, we consider the case
where the dot is more strongly coupled to the superconducting
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FIG. 2. (a) Thermopower (charge Seebeck coefficient) S versus
the level position ¢, at p = 0 and background temperature kg7 =
0.2A for several values of the Zeeman splitting Az. We use 'y =
0.1A and 'y = 0.5A, i.e., the ferromagnet is the probe terminal, here
and throughout the paper. (b) Energy diagram for a resonant tunneling
double barrier (gray areas) system (the dot) coupled between the
normal metal (left) and a superconducting reservoir (right) with
g4 < 0 (dashed black line), Er = 0 (dashed blue line), Ay = 2A
(solid black lines), and p = 0 (normal case). The hot metal displays
a thermally smeared state distribution (red). At very low temperature,
the cold superconductor (blue) has empty quasiparticle states above
the gap A. The filled states below A are represented with solid blue.
Note that the current due to temperature excited electrons from the
left electrode (right arrow) is much larger than the opposite flow of
electrons (left arrow), which is mostly blocked by filled states in the
normal lead for e, < Er. Asymmetric size of the left and right arrows
indicates the spin-dependent particle-hole asymmetry generated by
gating the dot and reinforced by Zeeman splitting. Accordingly, the
net thermoelectric current due to a temperature difference is large.

lead (T'r = 0.1A and I's = 0.5A). This amplifies the effects
discussed below but qualitatively the physics remains the same
if the opposite situation (ferromagnetic dominant case) is
considered.

Our results rely on the breaking of particle-hole symmetry.
This can be done in three different ways. First, the gating of
the quantum dot energy level ¢; away from the Fermi energy
breaks the symmetry and thus creates a finite thermoelectric
signal. Second, the Zeeman field splitting A, can enhance
the effect of gate potential if one of the spin split levels is
shifted out of the gap region. Third, the spin polarization p of
ferromagnetic lead causes an asymmetry in the electron and
hole transport in the case of spin-split dot levels.

Figure 2(a) presents the charge thermopower as a function
of the dot level position ¢, for various Zeeman splittings Az
and magnetization p = 0. At the symmetric point when the dot
level is aligned with the Fermi energy, the Seebeck coefficient
S vanishes independently of Az. We observe that § is close
to zero for most values of the dot level within the gap if
both p and Az are zero. As discussed above, we thus need
to break the particle-hole symmetry in the system by the
simultaneous application of nonzero Az and ;. When Ay
is of the order of the superconducting gap, the thermopower
increases as compared with the Az = 0 case but the effect is
more dramatic when Az = 2A. The thermopower attains large
negative (positive) values for positive (negative) ;4. This can be
understood from the energy diagram shown in Fig. 2(b) where
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(b) |7 [ ]
A

[

FIG. 3. (a) S versus ¢; at p = 0.9 and kgT = 0.2A for several
Az. (b) Energy diagram analogous to Fig. 2(b) but with a ferromag-
netic electrode (different spin populations are indicated with vertical
arrows). Since more electrons with spin up are now available for
tunneling, the thermocurrent increases as compared to the normal
case in Fig. 2(b).

we depict the case of alarge Zeeman splitting and a negative .
Due to the energy dependence of the superconducting density
of states, the level g, lies in a region with a small number of
available states. Transport then takes place mainly across the
upper £44 level. Since this leads to a positive thermocurrent
[large arrow in Fig. 2(b)], the definition of Eq. (42) implies
that the thermopower is thus positive. Remarkably, our device
shows great values of |S| even if p =0, which clearly
differs from ferromagnet-superconductor junctions where the
thermoelectric effect is predicted to vanish if p = 0 [7].

The case of nonzero magnetization is illustrated in Fig. 3(a).
The thermopower is largely enhanced when the Zeeman
splitting increases. In comparison with Fig. 2(a) we find
that the combination of magnetic fields and ferromagnetic
contacts leads to values of S of the order of 4 (in units of
kp/e = 86 uV/K) for certain values of the dot level. This
increase is clarified in Fig. 3(b). Because there exist more
electrons with spin 1 in the left lead, the thermocurrent
increases since more electrons are able to tunnel through the
upper dot level and the thermopower, which is proportional to
the thermoelectric conductance, thus grows [cf. the case p = 0
in Fig. 2(b)]. On the other hand, the relatively small values
of § for positive ¢; can be explained from a compensation
effect. If &, > 0 the energetically favorable channel is ¢4 but
few electrons with spin | are available as p = 0.9. Therefore,
I, decreases and the generated thermovoltage is low. This
demonstrates that thermoelectric effects can be highly tunable
by changing the gate potential applied to the dot.

The thermoelectric figure of merit calculated from Eq. (44)
is displayed in Fig. 4(a). Its behavior follows the thermopower
properties discussed above. ZT increases for negative ¢; when
both p and Ay are positive and large. The exact value of ZT
can be also tuned at a fixed position of the dot level. This
is illustrated in Fig. 4(b), where the figure of merit reaches
very high values as a function of the applied magnetic field,
especially in the half-metallic case (p = 1). Our results thus
show that a F-D-S device may act as an efficient waste heat—
to—electric energy generator. Furthermore, this system could
also be useful for cooling applications at very low temperature
since Peltier and Seebeck effects are reversible.
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FIG. 4. Thermoelectric figure of merit ZT versus (a) ¢, at Az =
2A and (b) Az at g, = 0.5A for several polarization values of the
ferromagnetic electrode at kg7 = 0.2A.

The spin Seebeck coefficient S; is calculated from Eq. (47).
In Fig. 5(a) we show the results as a function of the dot
level for fixed Zeeman splitting and increasing values of the
ferromagnet polarization. We find that S; increases with p and
reaches high values in the half-metallic case. The spin Seebeck
coefficient is always positive because in the right-hand side of
Eq. (47) the first term, which corresponds to electrons with
spin 1, dominates over the second term. In fact, Lg grows
as p increases since more electrons with spin 1 are available
for tunneling whereas at the same time L} decreases. In the
analysis of S; as a function of the Zeeman splitting keeping &4
constant [Fig. 5(b)], we obtain an interesting change of sign.
For positive A the spin Seebeck coefficient is positive for the
reasons discussed above. However, for sufficiently negative
values of Az, S; becomes negative since now g4 lies below
the Fermi energy and LTQ then changes sign while L¢Q is still
close to zero for large values of p. In any case, the results
for | S;| are large provided the Zeeman splitting is of the same
order as the superconducting gap.

FIG. 5. Spin Seebeck coefficient S; versus (a) ¢, at Ay = A
and (b) Az at g5 = 0.5A for several polarization values of the
ferromagnetic electrode at kyT = 0.2A.
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FIG. 6. Magneto-Seebeck coefficients (a) M S, at p = 0.9 and
(b) MS; at Az = A as a function of the dot level position for
kT = 0.2A.

Both the magneto-Seebeck coefficients MS, and M S,
as defined in Egs. (48) and (49) are respectively plotted in
Figs. 6(a) and 6(b) as a function of the dot level position.
For MS, we fix p=0.9 and vary the Zeeman splitting,
while for M S; we set Az = A and change the ferromag-
netic polarization. Strikingly, all curves show a characteristic
symmetry with regard to the Fermi energy. In the case of M S,
this is understood from the relation S(p,e;) = —S(—p,—é&q)
for a given Ay. Physically, it means that an electron-hole
transformation that shifts the dot level with respectto Ep = 0
and simultaneously reverses the ferromagnetic polarization in-
duces a thermocurrent with the opposite sign. This can be seen
in Fig. 2(a) for p = 0. In the case of M Sz, a similar symmetry
relation holds, namely, S(Az,e4) = —S(—Az,—&;). Overall,
both magneto-Seebeck coefficients increase for larger Zeeman
splittings or ferromagnetic polarizations, in agreement with
our previous results.

V. CONCLUSIONS

We have investigated the thermoelectric properties of a
ferromagnetic—quantum dot—superconducting device in the
presence of an external magnetic field applied to the dot.
We have shown that the device develops high values of the
thermopower from the combined effect of spin polarized
tunneling, Zeeman splitting, and tuning of the dot level.
Importantly, the thermoelectric conversion is efficient since
the dimensionless figure of merit reaches values as high
as 6. Moreover, the spin Seebeck effect exhibits relevant
changes as a function of the gate potential and the magneto-
Seebeck coefficient becomes sensitive with reversals of the
magnetization direction or the applied magnetic field.

PHYSICAL REVIEW B 94, 054506 (2016)

Our predictions can be tested with today’s experimental
techniques. The quantum dot can be formed inside a carbon
nanotube attached to ferromagnetic and superconducting
contacts. Another possibility is to use a nanowire deposited
onto the ferromagnet and the superconductor [22]. This system
is especially appealing since, e.g., InSb nanowires have large
effective g factors. Then, for Ay = gupB/2 = 2A we esti-
mate a magnetic field B ~ 5 T using g = 40 and A = 3 meV
for Nb [39]. We then need a superconducting lead with high
critical field B.. Nb compounds precisely show the property
that B, > B. Then, we can neglect the dependence of A on the
magnetic field to a first approximation. One could also envision
a self-assembled quantum dot connected to two electrodes as
in Ref. [40] or a break junction comprising a Cgy molecule
[41,42]. The ferromagnetic electrode can be Joule heated with
a slowly time-dependent electric current with zero average and
thus leading to a temperature shift across the junction [11,12].
Most of the applied temperature bias drops at ferromagnetic
interface [8] and thus the superconducting temperature (and
thereby its energy gap) is largely unaffected by the thermal
gradient. The detection of the spin bias can be done using the
inverse spin Hall effect [43]. Finally, the magneto-Seebeck
effect needs the magnetization to be switched, which can be
accomplished, e.g., by employing an external magnetic field
that can be really small for soft ferromagnets.

Our work raises two important questions. First, what is
the role of electron-electron interactions? Our theory assumes
a single-level dot large enough that Coulomb repulsion is
negligible. The results would also hold for strongly coupled
quantum dots since in this case the charging energy U
is smaller than the tunneling broadening and electronic
interactions can be safely disregarded. However, small dots
usually have large U and Coulomb blockade effects become
dominant. It would be even possible to explore strongly
correlated phenomena such as the Kondo effect [44,45]. An
Anderson-like Hamiltonian should then be used. The second
question concerns the role of higher-order terms in the current—
voltage or current—temperature characteristics [46,47] and heat
[48]. Even if larger temperature biases do not contribute to the
Andreev current there appear cross terms that mix voltage and
temperature differences [23]. In that case, one should resort
to differential thermopowers and the results might change
significantly. Our work is thus an approach to a problem with
fertile ramifications.
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