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We present studies of spin-dependent phenomena in the non-linear energy transport through a multilevel

quantum dot/molecule in the Coulomb blockade regime.

Calculations are performed within the framework of

non-equilibrium Green function formalism based on the equation of motion. Thermal current flowing through
the system due to temperature gradient significantly varies with gate voltage. It depends on relative orientation

of magnetic moments in the electrodes,
conductance is introduced, which describes the effect.

PACS: 73.23.Hk, 73.50.Lw, 85.80.Fi
1. Introduction

Recently, interplay between spin effects and thermo-
electric phenomena in nanostructure systems have been
intensively studied. Spin Seebeck effect has been ob-
served for a ferromagnetic slab and spin voltage gener-
ated by a temperature gradient has been measured [1].
A significant dependence of thermal coefficients on rel-
ative alignment of magnetic moments has been ob-
tained for magnetic multilayer nanostructures with use
of finite-element theory [2]. Thermoelectric properties
of nanoscale systems containing quantum dots (QD) are
strongly influenced both by quantum confinement and
the Coulomb blockade effect, which lead to oscillations
of thermal coefficients with gate voltage [3]. Additional
fine structure due to discrete levels was found for small
dots [4]. Spin effect in thermal transport through a
QD attached to ferromagnetic leads was also studied
[5-7]. Spin Seebeck effect and spin-dependent thermal ef-
ficiency, described by the spin-dependent figure of merit
was discussed [5, 6].

To study transport phenomena in systems subjected to
a considerable voltage and temperature gradient, a gen-
eral approach, which allows to describe non-linear ef-
fects, is required. Thermal phenomena in the non-linear
transport through QD were mainly investigated for non-
-magnetic systems, in which spin effects are irrelevant.

Here, we present studies of spin-dependent phenom-
ena in the non-linear heat transport through a two-level
QD /molecule in the Coulomb blockade regime, based on
the non-equilibrium Green function formalism.

2. Model

We consider a nanoscopic system composed of a two-
-level QD/molecule attached to ferromagnetic leads.
Electrical and heat currents flowing in the system due to
bias voltage and temperature gradient can be expressed
in a following way:

so in analogy to tunneling magnetoresistance the magnetothermal
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fp denotes here the Fermi-Dirac distribution function in
the 5 (= L,R) electrode with electrochemical potential
HLR = Ho £ % eV. o corresponds to the Fermi energy
of the system in equilibrium. Within the Green function
approach the transmission T, (FE) in the spin channel o
L R

takes the form: T, (E) =3, FFL’:_IQ% (G5, — G3%,). Here
G5, (G%,) denotes the retarded (advanced) Green func-
tion, whereas Fjﬁg = I';(1 + 6pg) determines the spin-
-dependent coupling strength of the dot level 5 with elec-
trode /3, pg is related to the lead’s polarization and 6 = 1
for spin index 0 =t or 6 = —1 for ¢ =]. I} denotes
the coupling strength of the level j with electrodes and
is treated as a parameter independent of energy. Cou-
pling strengths I'; for two molecular levels j = 1,2 can
be different due to different spatial distribution of the
corresponding wave functions. To describe such a depen-
dence, we express Ij in the form I'; = I'[l1 — (—=1)7Q)].
For @ = 0 both levels 1 and 2 are equally coupled to elec-
trodes, whereas for 0 < @) < 1 one of the levels becomes
weakly coupled.

The system under consideration is described by the
Hamiltonian H = Hp + H, + Ht. The first term Hp
corresponds to the dot and is taken in the form

Hp = Zs]dﬂ,dw +Z Z Uijdfdigdl, djor,  (3)
zgaa’

where ¢; is the energy of the level j, U; and U;; de-
scribe intra and inter-level Coulomb correlations, respec-
tively. d;-t,(djg) represents creation (annihilation) opera-
tor of electron in the state jo. The term H, in the main
Hamiltonian corresponds to the non-interacting electrons
in the leads and Hr describes tunneling effects between
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the dot and electrodes, and is taken in the standard form.

The non-equilibrium Green function formalism based
on the equation of motion method is applied to in-
vestigate the electron and energy transport [8, 9]: the
Green function G, calculated within the Hartree-

Fock approximation takes the form: GJ, (E) =
2 1-N; o N, o
Zk:opk(Efajfjlkfﬂ; L oy sy v 1 The sum-

mation is over possible configurations with level [, differ-
ent from j (I = —j) occupied by zero, one or two particles,
respectively. pr denotes here the probability factor of a
particular configuration k and is expressed in terms of
the average one-particle Ny, = (dl‘;dlg> and two-particle
(Ni_sN,») occupation numbers which are calculated in
a self-consistent way. Aj in the last equation denotes
the sum of all interactions seen by the electron in the
level j due to other particles occupying the level [ in con-
figuration k and expressed in terms of Uj; [7-9]. After
determining the Green functions, one can calculate the
transmission and study transport properties.

3. Thermal current and thermal conductance.
Numerical results

The heat current I is calculated according to formula
(2) under the condition of vanishing charge current I = 0.
The coupling strengths of both levels are the same and
are equal to I' = 0.01 meV. Energy difference between
the dot levels is assumed to be de = 0.6 meV. Positions
of both levels can be coherently shifted with use of a gate
voltage V; starting from the energy €9 = —0.05 meV. The
intra and inter-level correlation parameters are taken as:
Ui = Us =2 meV and Uiz = 1 meV, respectively. In the
presence of temperature gradient AT, the temperature of
the left electrode is increased by AT, whereas it is fixed in
the right electrode and equal to KTy = 0.02 meV. In such
conditions the voltage is induced, which influences Ig.
Calculations show that the heat current relatively weakly
depends on the polarization factor. Thereby we present
results only for the case with p = 0.5.

In Fig. 1 the heat current and differential thermal con-
ductance k = dlg/d(kT) are depicted as a function of
temperature gradient. As expected, Iy monotonically
increases with AT, but it strongly depends on the gate
voltage and the parameter (). For V; = 0.06 meV the
level 1 with energy €9 = —0.05 meV is active in the trans-
port. In the region of small AT the heat current as well
as thermal conductance k are enhanced for large Q) values
(Fig. 1a and b). In such a situation, the level 1 is strongly
coupled to electrodes which results in enhancement of
transmission. With increase of AT the conductance k at
first decreases. Then, k starts to increase, but now the
lowest rate corresponds to large Q). At relatively high
temperature the broadening of the Fermi—Dirac distribu-
tion function plays an important role, the levels start to
overlap and the level 2 becomes active in the transport.
Contribution to the transmission coefficient, coming from
this level strongly depends on @ and is suppressed for
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Fig. 1. Heat current (a, ¢) and thermal conductance
(b, d) as a function of temperature difference for in-
dicated values of @ and two different gate voltages
Ve = 0.06 meV (a, b) and Vz = —1.56 meV. Paral-
lel configuration with p = 0.5. Other parameters are:
g0 = —0.05¢eV, 6c = 0.6 meV, U = 2meV, U2 = 1 meV,
kTr = 0.02 meV.

@ = 0.8 due to weak coupling with electrodes. There-
fore, in such a situation thermal conductance x does not
change considerably with temperature. However, it in-
creases significantly for low @) values as both overlapping
levels are strongly coupled with electrodes.

Quite different behavior can be observed for V, =
—1.56 meV (Fig. 1c and d). At low temperatures the
level 1 is occupied and level 2 is mainly involved in the
transport [9]. For larger @ values this level becomes
weakly coupled with electrodes, so the transmitted heat
current is suppressed. The situation changes at high
temperatures due to a strong broadening of the Fermi-
Dirac distribution function. Then, electrons can addi-
tionally tunnel through partly or singly occupied level 1,
as states with energy ¢ or €9+ U overlap with the level 2.
Moreover, additional channels can open, as probabili-
ties of particular one-particle and two-particle configu-
rations strongly increase with temperature [9]. Though,
for large @, the level 2 is weakly coupled, the total, high
temperature, transmission as well as the heat current in-
crease. Let us note that due to all these contributions
the heat current is much higher than in previous case
with V; = 0.06 meV. A strong dependence of the heat
current on the gate voltage is well illustrated in Fig. 2,
where I calculated for Q = 0.8 is presented. It can be
also seen that for V; = —2.56 meV, corresponding to the
Coulomb blockade regime, the energy transport is con-
siderably suppressed in a wide temperature region.

Configuration of magnetic moments in electrodes
strongly influences electron transport leading to tunnel-
ing magnetoresistance (TMR) effect. Similarly, the heat
transport depends on the relative orientation of the leads’
moments. So, one can calculate the heat current in the
parallel configuration of the moments Ig(P) as well as in
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Fig. 2. Heat current as a function of temperature dif-

ference for indicated values of gate voltages Vi and
Q@ = 0.8. Other parameters are the same as in Fig. 1.

the antiparallel one Ir(AP) and define the magnetother-
mal conductance MTC = [Ig(P) — Ig(AP)]/Ir(AP).
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Fig. 3. Magnetothermal conductance as a function of
temperature difference for several polarization factors
calculated for V; = 0.06 meV and Q = 0 (a), Q =
0.8 (b). Other parameters are the same as in Fig. 1.

Calculated MTC ratio as a function of temperature
difference AT is presented in Fig. 3 for two values of
parameter ) and different polarization factors. MTC
is positive in the whole temperature region, so the heat
current, similarly to the charge current, is suppressed
in antiparallel configuration. As presented in Fig. 3,
MTC strongly changes with polarization factor and sig-
nificantly increases with p. The ratio takes the largest
values for small AT, then it decreases. Let us note that
MTC and therefore, spin effects are enhanced in systems
with large @), when the transmission through the lowest
level increases. Thereby, for large p, in the parallel config-
uration, transmission in the majority spin channel is ad-
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ditionally enhanced, while the appropriate enhancement
for the minority spin channel is negligible. With increase
of temperature broadening of the Fermi-Dirac function
becomes important which strongly suppresses the effect
and MTC decreases more rapidly than for ¢ = 0.

4. Summary and conclusions

Energy transport through a two-level QD (molecule)
attached to ferromagnetic electrodes has been investi-
gated in the non-linear regime. Thermal current flowing
through the system due to temperature gradient, signif-
icantly varies with gate voltage. It can be suppressed in
a wide temperature region for voltages corresponding to
the Coulomb gap. The strongest effect can be observed
for molecular junctions with one of the levels weakly cou-
pled with electrodes. It has been found that energy trans-
fer in such systems strongly depends on the relative ori-
entation of magnetic moments in the electrodes and in
analogy to TMR the MTC effect can be obtained. MTC
ratio is positive indicating that, similarly to the charge
transport, the energy transfer is suppressed in systems
with antiparallel orientation of the moments.
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