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Thermoelectric eects in spin-polarized transport through a strongly correlated quantum dot coupled to two
ferromagnetic leads is investigated theoretically by means of the nite-U slave boson technique. The dot is coupled to the leads both symmetrically via the spin-conserving tunneling processes and asymmetrically via spin-nonconserving Rashba-induced tunneling terms.

The asymmetric coupling leads to various interference eects

which modify transport properties. We have analyzed such thermoelectric coecients like the electronic contribution to heat conductance
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and thermoelectric eciency

ZT .

DOI: 10.12693/APhysPolA.124.901
PACS: 73.23.b, 73.63.Kv 72.15.Qm, 85.35.Ds

1. Introduction

Thermoelectric phenomena in nanostructures are of
current interest due to the possibility of enhanced thermoelectric eciency. Moreover, the interplay of spin,
charge and heat transport leads to novel spin related
thermoelectric eects, like for instance the spin Seebeck
eect. Among various nanostructures, quantum dots are
ones of the smallest articial nanoelectronics elements,
which provide interesting playground for single-electron
thermoelectrics, and where the eects due to electron
correlations, quantum connement, and quantum interference can signicantly modify transport properties of
the system.
Most of the theoretical works on transport properties
of quantum dots concerned the limit of spin-conserving
tunneling processes. However, introducing the Rashba
spinorbit coupling to the system leads to spin precession
and spin-ip processes. These processes generally lift the
spin degeneracy [1] usually occurring in the absence of
magnetic eld (external or internal) and spinorbit interactions. Both spin precession and spin-ip processes
induced by the Rashba spinorbit coupling have been
studied recently in the context of possible applications in
spintronics devices [2, 3]. It has been shown, among others, that strong Rashba coupling leads to intersubband
mixing of electron waves corresponding to dierent spin
orientations, which dominates over the spin precession
[46] and results in the interference eects with characteristic Fano and Dicke lines [7].
In this paper we investigate the system with the
Rashba spinorbit coupling in the Kondo regime. The
interplay of the Kondo correlations and spin, charge and
heat currents is known to lead to interesting thermoelec-
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tric phenomena [810]. In the case considered, the dot is
coupled symmetrically to the leads via a spin-conserving
term and asymmetrically via spin-nonconserving Rashba-induced tunneling. To calculate the transport characteristics we apply the slave boson technique in the mean eld
approximation.
2. Theoretical description

The system investigated in this paper consists of a
quantum dot with single orbital energy level, εσ =
εd − σ̂B , where B is the magnetic eld measured in the
energy units. The dot is connected to two ferromagnetic
leads via spin-conserving couplings, described by the tunneling amplitudes Vkβσ , (where β = L, R for the left and
right lead, respectively), and spin-nonconserving tunneling due to the Rashba spinorbit interaction, described
so
by Vkβσ
. We consider the limit of strong Rashba coupling
[2, 4, 6], when spin-ip eects dominate. The system can
be described
X with†the Hamiltonian
X
H=
εkβσ ckβσ ckβσ +
εσ d†σ dσ + U n↑ n↓
(1)
kβσ

σ

i
Xh
so †
+
Vkβσ c†kβσ dσ − Vkβσ
ckβσ ( iσ x )σσ dσ + H.c. ,
kβσ

where the rst term describes the leads, the next two
terms correspond to the dot (with U being the Coulomb
energy), while the last term describes couplings to the
leads. In the following we assume Vkβσ to be independent
of k and introduce the coupling parameter Γβσ dened
as Γβσ = 2π|Vβσ |2 ρβσ , where ρβσ is the spin dependent
so
density of states in the lead β . Similarly, we dene Γβσ
=
so 2
2π|Vβσ | ρβσ . Furthermore, we write Γβσ = (1 ± σpβ )Γβ ,
where pβ is the spin polarization of the lead β and Γβ
is the coupling parameter. Following this, we introduce
so
Γβσ
= (1 ± σpβ )Γβso , and write Γβso = qβ Γβ , where qβ are
the parameters which describe relative strength of the
Rashba interaction.
To describe the Kondo correlations we use the nite-U
slave-boson method [11, 12]. This method provides a reliable description of electron transport through quantum
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dot systems in the low temperature regime, T  TK ,
where TK is the so-called Kondo temperature. The
method relies on the replacement of bare dot operators
dσ (and also their conjugate counterparts) by the product
of pseudofermion and projection operators, fσ zσ , where
zσ = ep†σ + pσ† d. The operators e, pσ , and d are projection operators on empty, singly occupied with spin σ ,
and doubly occupied states, respectively. These operators obey the bosonic commutation relations. Furthermore, in the mean eld approximation these operators
are replaced by their mean values. Such a transformation leads to a Hamiltonian with modied dot level
(2)
energy ε̃σ = εσ + λσ , modied tunneling amplitudes
(so)
(so)
Ṽkβσ = Vkβσ zσ (and also Ṽkβσ = Vkβσ zσ ), and also
introduces an additional constant term Ed = U d2 +
P (2)
λ(1) (e2 + p2↑ + p2↓ + d2 ) − σ λσ (p2σ + d2 ) responsible
for conservation of the state space of the dot, in which
(2)
λ(1) and λσ are certain parameters. These parameters,
as well as the mean values e, pσ and d, have to be determined numerically via a set of self-consistent equations
X
∂e ln zσ Kσ + 2λ(1) e = 0,
(2)
σ


X
(2)
∂pσ0 ln zσ Kσ + 2 λ(1) − λσ0 pσ0 = 0,
(3)
σ
!
X
X
∂d ln zσ Kσ + 2 U + λ(1) −
λ(2)
d = 0, (4)
σ

3. Numerical results and discussion

The numerical results presented below are for symmetric spin-conserving coupling of the dot to the leads,
ΓL = ΓR = Γ . Apart from this, in calculations we assumed kB T = 0.009Γ and U = 6Γ . The linear electrical conductance and the linear thermoelectric coecients
have been calculated assuming absence of spin accumulation in the leads.

σ
σ
R
<
where Kσ = (1/π) dε(ε − ε̃σ )G<
σ , with Gσ denoting the lesser Green function. To nd G<
σ we need
to know rst the retarded (advanced) Green functions
r(a)
Gσ . These can be derived from the Dyson equation
r
+ −1
Gr = (g r0 − Σ r )−1 , where g0σσ
0 = δσσ 0 (ε − ε̃σ + i 0 )
and Σ r = Σ rL + Σ rR is the self-energy matrix, with the
β term (β = L, R) given by
h
i
so
r
Σβ,11
= ( i/2) Γ̃β↑ + Γ̃β↓
,
(5)
h
i
r
so
Σβ,22
= (i/2) Γ̃β↓ + Γ̃β↑
,
(6)

q
q
r
r
so −
eβ↓ Γ
e so . (7)
Γ̃β↑ Γ̃β↑
Γ
Σβ,12
= −Σβ,21
= (1/2)
β↓
so
Here, Γ̃βσ and Γ̃βσ
are the renormalized coupling parameters. The lesser (Keldysh) Green function can be
then calculated from the formula G< = i (fL Gr Γ̃ L Ga +
fR Gr Γ̃ R Ga ), where Γ̃ β is related to the self-energy Σ β
as Γ̃ β = −i Σ β , while fL(R) are the FermiDirac distributions in respective leads.
To describe transport properties of the system,
we calculate rst the transmission function, T (ε) =
Tr(Ga Γ̃ R Gr Γ̃ L ). It is then directly related to the basic
transport coecients via the
R appropriate transport integrals Ln(=0,1,2) = −(1/h) dε(ε − µ)n (∂ε f )T (ε). The
coecients calculated are: electrical conductance G =
e2 L0 , electronic contribution to the heat conductance
κ = (1/T )(L2 − L21 /L0 ), the Seebeck coecient (thermopower) S = −(1/|e|T )(L1 /L0 ), and the dimensionless
gure of merit ZT = GS 2 T /κ.
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The calculated transport and thermoelectric coecients are shown in Fig. 1 as a function of the dot's level
energy and for dierent values of the parameter qR = q
and zero external magnetic eld, B = 0. Spin polarization of both leads was assumed the same and relatively
large, pL = pR = p = 0.9. Furthermore, no Rashba
spinorbit coupling between the dot and the left electrode was assumed, qL = 0. The electrical conductance
G is shown in Fig. 1a. The dependence on the level energy has the shape that reveals two Hubbard resonance
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peaks and the Kondo peak centered at the particlehole
symmetric point, εd = −U/2. When q increases, the
spin degeneracy of the dot's level is lifted, which results
in splitting of the central peak. Finally, when q is sufciently large, this splitting leads to suppression of the
Kondo eect.
Electronic contribution to the heat conductance, κ, follows qualitatively the behavior of the electrical conductance. This is a general tendency at low temperatures. In
turn, the Seebeck coecient S (or thermopower) shown
in Fig. 1c varies with the position of the dot's level in a
more complex way, changing sign several times. Generally, the thermopower at low temperatures changes sign
at the points where the transmission as a function of the
dot's level reaches either minimum or maximum. Around
such points, the current due to electrons is usually compensated by that due to holes and no voltage is generated
by a temperature gradient. The transmission behavior is

Fig. 2.
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reected in the conductance shown in Fig. 1a. Indeed,
one can see that the thermopower shown in Fig. 1c vanishes at the points (or very close), where the conductance reaches extremum points. As a rule, the Seebeck
coecient vanishes in the particlehole symmetric point,
εd = −U/2.
Figure 2 presents transport coecients as a function
of dot's level energy for dierent values of the magnetic
eld B , in the case of full leads' spin polarization, p = 1,
qL = 0, and q = qR = 0.6. When the leads are fully
polarized, the Kondo eect is completely suppressed for
q = 0, as follows from the electrical and heat conductances shown in Fig. 2a and b, respectively. Introduction
of the Rashba interaction results in a small splitting of the
Hubbard peaks. Moreover, magnetic eld leads to some
asymmetry in the transmission coecient and transport
properties of the system.

electronic contribution to heat conductance

κ (b),

thermopower

S

(c), and gure

(d), calculated as a function of the dot's level energy for indicated values of the magnetic eld

other parameters:

p = 1,

and

B.

The

q = 0.6.

Figure 2c shows that the curve presenting the Seebeck
coecient becomes shifted by a magnetic eld towards
lower energy level energy. This asymmetry results from
the interplay of the Rashba-induced eective eld and
the external magnetic eld. Similar shift and asymmetry
appears also in the gure of merit presented in Fig. 2d.
It is worth to note that a relatively strong magnetic eld,
B/Γ = 0.4, leads to high asymmetry and consequently

to some enhancement of the gure of merit to the values
near the border of applicability, ZT = 1.
4. Conclusions

We have analyzed thermoelectric transport in the linear response regime through a strongly correlated quantum dot connected to ferromagnetic electrodes via spin-conserving and spin-nonconserving couplings. Two situations have been analyzed: (i) high polarization of the
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leads, p = 0.9, without external magnetic eld, and (ii)
full spin polarization, p = 1, with magnetic eld present.
In the former case the lifting of the spin degeneracy due
to the Rashba interaction results in suppression of the
Kondo eect and in a weak enhancement of the thermopower and gure of merit. In turn, in the former case
we have shown that the presence of magnetic eld in
fully polarized case results in a signicant enhancement
of the gure of merit due to the asymmetry induced by
the interplay of Rashba-induced eective eld, external
magnetic eld, and the electron correlations.
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