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We theoretically studied the thermoelectric transport properties of a strongly correlated quantum dot system in the presence of the
Kondo effect based on accurate numerical evaluations using the hierarchical equations of motion approach. The thermocurrent
versus gate voltage shows a distinct sawtooth line-shape at high temperatures. In particular, the current changes from positive
(hole charge) to negative (particle charge) in the electron number N = 1 region due to the Coulomb blockade effect. However,
at low temperatures, where the Kondo effect occurs, the thermocurrent’s charge polarity reverses, along with a significantly
enhanced magnitude. As anticipated, the current sign can be analyzed by the occupation difference between particle and hole.
Moreover, the characteristic turnover temperature can be further defined at which the influences of the Coulomb blockade and
Kondo resonance are in an effective balance. Remarkably, the identified characteristic turnover temperature, as a function of the
Coulomb interaction and dot-lead coupling, possessed a much higher value than the Kondo temperature. When a magnetic field
is applied, a spin-polarized thermocurrent can be obtained, which could be tested in future experiments.
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1 Introduction

The research field of thermoelectricity is very active because
of the ongoing energy resource crisis and environmental
risks. A vast number of nanomaterials with various struc-
tures, such as molecular junctions [1-3], nanowires [4,5], and
quantum dots (QDs) [6-8], are explored for their potential
thermoelectric applications. These include heat rectification,
low-temperature thermometry, and microrefrigerators [9-11].
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Thermoelectric transport contains distinct information
than that of bias voltage. It is also more difficult to inves-
tigate due to the residual current noise from thermal fluc-
tuations. Most theoretical and experimental studies focus
on the thermopower Seebeck effect in the Coulomb block-
ade (CB) regime [12-16]. In the QDs system, thermoelec-
tric transport properties rely on incident electron energy, den-
sity of states, and temperature. In experiments, the thermo-
electric transport properties of QDs are investigated through
electron heating [13, 17] and current heating techniques [14].
The observed thermopower, as a function of gate voltage,
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shows sawtooth-like oscillations and sign-reversal character-
istics [12, 14, 17]. Researchers use perturbation theory [18],
nonequilibrium-Green-function formalism [16, 19, 20], nu-
merical renormalization-group [21], and slave-boson repre-
sentation [7,22] methods in theoretical studies.

Unlike the CB effect, Kondo resonance is a many-body
phenomenon that occurs only at low temperatures, where the
spin of the localized moment is screened by the conduction
electrons [23-26]. The resulting Kondo singlet state signifi-
cantly affects the transport property through QDs [27,28]. So
far, theoretical research has been focused on thermopower
(Seebeck coeflicient) generated in strongly correlated QD
systems [20, 21, 29-33]. As one of the fundamental ther-
moelectric physical quantities, thermopower is sensitive to
the Kondo resonance scattering rate of conduction electrons
[20, 21, 29, 32], gate voltages, and magnetic fields [33].
Costi and Zlati¢ [21] studied the spin-Kondo effect on the
thermopower of a single-level QD system. In the Kondo-
correlated QD system, the thermopower shows a clear de-
viation from the semiclassical Mott relation between ther-
mopower and conductivity [34]. The magnitude and the sign
of thermopower can be changed by tuning the gate voltages
and magnetic fields, leading to an oscillatory behavior due to
the Kondo effect [20,33]. Moreover, thermopower is the ap-
plicable experimental tool for the study of the phase-sensitive
Aharonov-Bohm interferometer [33, 35] and spin entropy
flux [36].

Recently, the thermoelectric characterization of the Kondo
resonance in QDs was experimentally investigated [6, 37].
It is anticipated that Kondo physics will play an important
role in the thermoelectric functions of nanomaterials [38,39].
Thermoelectric transport would be a sensitive tool to detect
the nonequilibrium Kondo effect of strongly correlated QDs.
Nevertheless, the thermoelectric properties of QDs in the
Kondo regime is still an open question. The challenge for
theoretical investigations is the accurate characterization of
Kondo correlations. In this paper, we study the thermoelec-
tric transport properties of a strongly correlated single QD
system, with accurate evaluations and comparisons with a
recent experiment by Svilans et al. [37], where the Kondo
effect is important. However, the thermal conductance and
thermopower as a function of temperature and gate voltage
for the different Coulomb interactions have been investigated
[21]. Thermopower, as a function of gate voltage, exhibits
two sign changes at two temperature scales. Here, we fo-
cus on the thermocurrent through the strongly correlated QD
system, which can be easily explored in experiments. It is ob-
served that when increasing the energy level of the QD in the
N = 1 regime, the thermocurrent changes from positive (hole
charge) to negative (particle charge) at high temperatures due
to the CB. However, the thermocurrent’s charge polarity re-
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verses with a significantly enhanced magnitude at low tem-
peratures due to the Kondo resonance. In this study, we re-
produce the experimental observations of Svilans et al. [37],
identify the characteristic turnover temperature, 7., and study
the magnetic-field-dependent spin-polarized thermocurrent.
Moreover, the thermocurrent sign is in agreement with the
occupation difference between the particle and hole charge

(eq. (5)).

2 Model and hierarchical equations of motion
theory

The model we study is shown in Figure 1(a); the strongly
correlated QD is tunneling coupled to two reservoirs via the
dot-lead coupling strength A. The left lead is the hot bath
(wine), and the right lead is the cold bath (blue). The temper-
ature bias between the two reservoirs is AT = Ty, — T.. The
temperature of the system is defined as T = (T}, + T.)/2. The
total Hamiltonian for the QD system is

H= HQD + Hieags + Hcoupling' (D

Here, the strongly correlated QD part is described by the
single-impurity Anderson model Hop = ), (4 + eVg)&,’;&g +
Ungyng. The energy level of the QD, €5 = £4+eV,;, can be ma-
nipulated by the gate voltage. The operator, al (a,), denotes
creating (annihilating) a spin-o- electron with energy €4 in the
QD; U is the on-dot Coulomb interaction and n, = &;&(r is
the operator of the electron number of the QD. The Hamilto-
nian of the device leads is Hieads = Xiuo=Lr eka(fzwtfkw with

(@) A

1,JAT (nA/K)
o

o

0 1
&4~ (;‘sym (meV)

Figure 1 (Color online) (a) Schematics of thermoelectric transport through
a strongly correlated single QD system. (b) The differential conductance,
G(gq; V), characterizing the charge stability of different electron numbers on
the QD at a low temperature (7 = 0.348 K). (c) The differential conductance
G(gq; V = 0), as a function of the dot energy level at different temperatures.
(d) The corresponding thermocurrent, I(g4; 7). The light cyan (yellow)
field indicates where the electron (hole) occupation is dominant. The param-
eters adopted are W = 5.0 meV, A = 0.2 meV, U = 2.2 meV.
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c?zﬂa(cikﬂa) corresponding to the creation (annihilation) oper-
ator of an electron with the a-reservoir state |k) of energy
€1~ The dot-lead coupling assumes Heoupling = ZW(&;F;U +
Fra,), with Fry = Sityedie = (F},)7 [40]. The in-
fluence of the two leads on the interaction QD is consid-
ered through the bath spectral density function, Jy,/(w) =
DI tk,,,,tzﬂ,aé(a) — &) [41]. For numerical evaluations,
the strongly correlated QD system is accurately solved by
the hierarchical equations of motion (HEOM) formalism
[40,42-44], a well-established universal and accurate method
for strongly correlated systems [45-47]. The strongly corre-
lated effect is not prominent at high temperatures. The per-
turbation technique of scattering can be used to solve this
case. However, when the temperature is low enough, the
higher-order scattering of strongly correlated interactions is
so significant that the system cannot be characterized by the
one-particle wave function and the perturbation technique of
scattering [23]. Based on Feynman-Vernon path-integral for-
malism and linear response theory, HEOM theory, consider-
ing the scattering effect, can tread the strongly correlated QD
system and resolve the electron-electron scattering interac-
tion nonperturbatively for both equilibrium and nonequilib-
rium cases [27,43,48]. The HEOM formalism that governs
the time evolution of dissipation density operators can be ob-
tained as [43]:

n
() _ [ R PR I L AntD)
Pijiejy = (‘£+27/r)pjr~jn lzﬂjpjl»--jnj
r=1 J
n
_ _\n—r X (n—1)
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where A; = ﬂgﬂm = ﬂﬁ and C;, = Cgﬂm are Grassmannian
superoperators, which are illustrated in detail by Yan [40] and
Jin et al. [41].

The physical quantities can be calculated using HEOM-
space linear response theory. The electric current operator
from bath a-lead to the system is given as:

I R
Iy = _d_t(; dkadk(,) =-i ;(%F,m - Fla,). 3)

The mean current can then be evaluated in terms of dissipa-
tion density operators as I,(f) = TrT[IA(,pT(t)]. The spectral
function is

Ay(w) = %Re{ fo ) dt{éa;a#(t) + [C‘&#a;(t)]*}eiwf}, )

where the system correlation functions, C,, (1) and C; 1 (0),
are evaluated through the time evolution of the HEOM propa-
gator. The details of the HEOM formalism and the derivation
of physical quantities are supplied by Yan [40], Jin et al. [41],
and Li et al. [43].
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3 Results and discussion

We present the numerical solution of the strongly correlated
QD model in Figure 1(a) using the HEOM method. We as-
sume that the parameters adopted are U = 2.2 meV, W =
5.0 meV, and A = 0.2 meV for the on-dot Coulomb interac-
tion, lead bandwidth, and dot-lead coupling strength, respec-
tively. A small value was adopted for the temperature bias,
AT = 0.0232 K. For the parameters adopted above, the con-
vergence is achieved at the truncation tier level of L = 5. We
begin by presenting the charge stability diagram of the QD
for the temperature difference, AT = 0, and show the numer-
ical results in Figure 1(b). Here, the temperature of the QD
system is adopted as T = 0.348 K. The differential conduc-
tance, G, as a function of energy level, €4, and bias voltage, V,
is calculated. The gate voltages can control the electron pop-
ulation of the QD. With the decrease in energy level, the elec-
tron numbers on the QD transform from N = 0to N = 1 and
N = 2. This provides the ideal platform for investigating the
thermoelectric transport properties of the strongly correlated
QD system considering the Kondo correlation. The differ-
ential conductance shows an increased behavior in Coulomb
diamond corresponding to the odd electron numbers of the
QD. The reason is that the Kondo resonance peak at the
Fermi level assists electron tunneling through the QD sys-
tem. To detect the thermoelectric transport properties, we
present the thermocurrent over consecutive Kondo and CB
regimes by altering the temperature in a wide range from
T » Tx to T < Tx and show a detailed comparison
with the transition of differential conductance. Figure 1(c)
depicts the equilibrium differential conductance function,
G(eq; V = 0), at different temperatures. We observe oscil-
lations with two peaks embodied in differential conductance,
G, from the energy level, —2.1 meV < &g — gy, < 2.1 meV
(&sym = —U/2 = —1.1 meV). The conductance has a min-
imum value at the particle-hole symmetry point. The am-
plitude of the conductance peaks increases with the decreas-
ing temperature because of the enhancement of the Kondo
effect. At low temperatures, the Kondo singlet state form-
ing between the QD and conduction electrons will assist the
transport process.

The thermocurrent, Iy, in response to a small temperature
bias (AT = 0.0232 K), exhibits remarkably different fea-
tures from its electrical-bias-induced counterpart. Figure 1(d)
shows the thermocurrent through the QD system, Iy (gq4; T),
as a function of energy level, g4, with consecutive tempera-
tures crossing over the Kondo and the CB regimes. At high
temperatures (the CB regime, see the magenta curve with
T = 3.48 K), the thermocurrent, Iy,(g4), shows a distinct saw-
tooth shape with the energy level of the QD and oscillates
around zero in the same period as the differential conductance



Y. X. Cheng, et al.

in Figure 1(c) [17]. The thermocurrent reveals a negative
value (particle) in the N = 2 regime. In the N = 1 regime,
with the increase of the energy level of the QD, the ther-
mocurrent gives rise to a continuous transition from positive
to negative values. Finally, the thermocurrent changes to a
positive value (hole) in the N = 0 regime. Here, the ther-
mocurrent oscillates about zero in the same period as the
differential conductance in the N = 1 regime. The high-
temperature behavior of the thermocurrent in CB agrees with
previous results [13].

The most intriguing feature is the thermocurrent charge
polarity reversal that occurred in the N = 1 domain, cen-
tered around the particle-hole symmetry point at which
In(eq = &ym;T) = 0. Take Iyp(eq;T = 3.48 K) and
In(eq; T = 0.232 K) as examples of the high-temperature
and low-temperature cases, respectively. Both experience
sign changes as &g crosses the symmetric point, but with
reversed charge polarities. The high-temperature case (ma-
genta curve) goes with the positive-to-negative charge polar-
ity. The reverse charge polarity occurs in the low-temperature
case (black curve). The latter also has a significantly en-
hanced amplitude due to the strong Kondo correlations. The
above results quantitatively reproduce the experimental ob-
servations reported by Svilans et al. [37].

The physical mechanism of the observed thermocurrent
characteristics can be understood as follows. In the N = 1 do-
main, the QD is an open-shell electronic structure. (i) At high
temperatures, the CB effect determines the transport proper-
ties. Consequently, when the energy level is &g < &gym, the
electron occupation is dominant. The CB inhibits electron
hopping, whereas the hole charge is subject to strong fluctua-
tions and becomes the dominant mechanism for the transport.
So, the thermocurrent through the system exhibits a positive
value when &4 < &gym. On the contrary, when &g > &gy, the
hole occupation becomes dominant and the CB prohibits the
hole current, resulting in electron-dominant tunneling with a
negative thermocurrent [34]. (ii) At low temperatures, the
many-body resonant-tunneling caused by the Kondo effect
is predominant. This results in a negative thermocurrent for
&4 < &ym due to the underlying multi-electron-resonant tun-
neling. However, the Kondo singlet state will become hole-
dominant when &4 > &gy, leading to a positive thermocurrent
through the QD. Moreover, the thermocurrent is enhanced in
the Kondo regime due to the Kondo resonance peak emerging
at the Fermi level, as shown in Figure 1(a) [33]. The above
CB-versus-Kondo mechanism gives rise to the charge polar-
ity reversal of the thermocurrent, Iyy(g4; T), as a function of
&4 in the N = 1 domain.

To further illustrate how the Kondo effect changes the ther-
moelectric transport of the strongly correlated single QD sys-
tem, we also present the thermocurrent, Iy, as a function of
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the energy level, &y, for the different temperatures without
the on-dot Coulomb interaction U = 0. Here, the Kondo ef-
fect is absent from the QD system. The numerical results for
the thermocurrent are shown in Figure 2(a). The thermocur-
rent oscillations and charge polarity reversal about the energy
level 9 = &4y,m = —1.1 meV disappear. Only a simple tran-
sition from negative to positive emerges at the Fermi level,
&4 = 0, due to the single-electron tunneling process. The ther-
mal fluctuations of the QD system lead that the thermocurrent
enhances remarkably with the high temperature. Hence, the
novel behavior of the thermocurrent through a strongly corre-
lated QD system manipulated by Kondo physics is different
from thermoelectric transport without the Kondo effect.

As a many-body effect, the Kondo effect will lead to the
spin-flip scattering of conduction electrons. So, the ther-
mocurrent will be enhanced in the Kondo regime through
the strongly correlated QD system. The on-dot Coulomb
interaction of the QD system will lead the electron-electron
scattering, which is very important for thermoelectric trans-
port. We detected the thermocurrent with the different on-dot
Coulomb interactions for a low temperature, 7 = 0.232 K.
The numerical results are shown in Figure 2(b). We found
that the single-electron tunneling peak located at &g = —U/2
moves to the left with the increase of on-dot Coulomb inter-
action; the tunneling peak at the Fermi level, g4 = 0, is in-
dependent of the on-dot Coulomb interaction. In the Kondo
regime, the thermocurrent is suppressed by the strong on-dot
Coulomb interaction. For example, the thermocurrent at the
energy level, &g — &gym = —0.5 meV, is distinct for the on-dot
Coulomb interaction, U = 2.2 meV. By contrast, the ther-
mocurrent becomes weak for the on-dot Coulomb interaction,
U = 2.6 meV, and almost vanishes for the on-dot Coulomb
interaction, U = 3.0 meV. So, the on-dot Coulomb interac-
tion can manipulate the thermocurrent through a strongly cor-
related QD system in experiments.

We can identify a characteristic turnover temperature, 7,
at which the influences of the CB and Kondo resonance are
in an effective balance. At this temperature, the sign of the
thermocurrent through the QD starts to change. To be more
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Figure 2  (Color online) (a) The thermocurrent, Iy, as a function of the
energy level, g4, with the different temperatures without on-dot Coulomb in-
teraction (U = 0). (b) The thermocurrent, Iy, as a function of the energy
level, g4, with the different on-dot Coulomb interactions at the low tempera-
ture, T = 0.232 K.
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specific, we focus on the particle-hole symmetry case, where
&g = —UJ/2. The accurately evaluated T, is reported in
Figure3. It possesses the same scaling for the different
dot-lead coupling strengths, A, and shows a decay with
the on-dot Coulomb interaction, U. For comparison, we
also present the theoretical expression of Kondo temperature,
Tx = (UA/2)"? exp(-ntU/8A + A/2U). The characteris-
tic turnover temperature, 7., is significantly higher than the
Kondo temperature, and this corresponds with the transition
of the temperature scale reported by Costi and Zlatic [21].
Moreover, the characteristic turnover temperature, 7., can
also be modulated by the gate voltage. So, it provides a very
useful tool for experimentally exploring the change of sign
behavior in a thermocurrent.

Furthermore, the CB-versus-Kondo mechanism suggests
the sign of the thermocurrent can be analyzed by the particle
and hole occupancy difference,

T
ANy = fO Alw)dw — f Alw)dw, 5)
-T 0

where A(w) denotes the equilibrium spectral function for the
given QD system being studied at temperature 7', in the ab-
sence of temperature bias. The sign of the thermocurrent in-
dicates the transport carrier charge polarity, with electron (—)
or hole (+) by nature, which corresponds to ANy > 0 and
ANy < 0, respectively.

Figure 4 depicts the evaluated A(w) (upper panels) and
the corresponding occupancy difference ANy (low panels) at
T = 3.48 K (left panels) and T = 0.348 K (right panels). The
two vertical dashed lines, w = =T, included in Figure 4(a)
and (b) specify the integral frequency range relevant to ANy
of eq.(5). The demonstrated five values of the dot energy
level correspond with those dark yellow vertical dash lines in
Figure 1(d), with Agg = &g — &gym = 0, £0.6 and £1.6 meV,
where &ym = —U/2 = —1.1 meV. The particle-hole sym-
metry point &g = &y (color green in Figure 4), is used as
a reference for the discussions below. It shows a symmetric
spectral function, A(—w) = A(w); thus, ANy = 0 (cf.eq. (5))
and Ip(gq = ggym; T) = 0.

It is well-known that at high temperatures, A(w) shows
only two Hubbard peaks centered around w = &4 and g4 + U,
respectively (Figure4(a)) [23]. Both Hubbard peaks will
move to the right with the increase of energy level. Mean-
while, the peak at w = &4 becomes high, while the peak
at w = &g + U becomes low. So, we have A(w = &q) >
A(w = & + U/2) when &g > &gy and vice versa. This
variation of spectral function leads to ANy at energy levels
Agq = &9 — &ym = —1.6 and 0.6 meV, being positive values.
Here, the particle-like transport is dominant and associated
with a negative thermocurrent. However, the ANy at energy
levels, Agqg = &4 — &ym = —0.6 and 1.6 meV, are negative
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values. Here, the hole-like transport is dominant and asso-
ciated with the positive thermocurrent. The evaluated ANy
are reported in Figure4(c), and each individual sign agrees
with the charge parity of its thermocurrent counterpart, the
magenta curve in Figure 1(d).

At low temperatures, the Kondo resonance singlet emerges
at the Fermi level, w = 0 (Figure 4(b)). The inset highlights
the resultant spectral function, A(w;Agq), within the rele-
vant frequency integration window, exemplified by the pair
of Agg = (0.6, -0.6) meV. The resulting Kondo peak asym-
metry tilts in favor of the w < 0 domain when &g < &¢ym and
vice versa. The Kondo resonance singlet is electronic in na-
ture for the energy level g4 < &ym. It effectively enhances
the electron transport via the level, &4, and reduces the hole
transport in the zero-frequency domain [32]. On the contrary,

0.2

0.1

T I

0.0 L

Figure 3  (Color online) The characteristic turnover temperature, T, as a
function of the scaled on-dot Coulomb interaction. The Kondo temperature,
Tk (blue dash line), is included for comparison.
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Figure 4 (Color online) The spectral function A(w) of the QD system at (a)
T = 3.48 K (high temperature) and (b) T = 0.348 K (low temperature), with
the two vertical dash lines at w = £7. The inset of (b) highlights the asym-
metrical Kondo peak of spectral function within the region of relevance to
the occupancy difference, ANy via eq. (5). The lower panels, (c) and (d), are
the corresponding results for ANg4. The selected five values of &4 for demon-
stration are located at the dark yellow vertical dash lines in Figure 1(d).
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the Kondo resonance singlet of hole for the energy level
&4 > &ym means that the hole-like transport is predom-
inant. The corresponding evaluated values of occupancy
difference, AN, eq. (5), are reported in Figure 4(d). The in-
dividual signs there all agree with the charge parity of their
thermocurrent counterparts, the black curve in Figure 1(d).
Moreover, charge parity reversal occurs when comparing
Figure4(d) with its high-temperature counterpart in
Figure 4(c), at Agg = £0.6 meV in the N = 1 domain.

Besides the qualitative calculation, to understand the cor-
respondence between the spectrum function and thermoelec-
tric transport, we can adopt the Landauer-Biittiker formula,
I, = 27“ f dwA(w)[fL(w) — frR(w)]A(w) [43], to illustrate the
transition of the thermocurrent. Here, the fi r is the Fermi
function for the L/R-reservoir. The spectrum function that
contains the Kondo physics shows a sensitive temperature de-
pendence. This means that the spectrum function can evalu-
ate the thermocurrent through the QD. In the Kondo regime,
with the temperature decrease, the Kondo peak of the spec-
trum function at the Fermi level will become stronger. Here,
the thermocurrent also increases with the low temperature
(Figure 1(d)). Moreover, for the different dot energy level
gaps, Agq, the thermocurrent can also be acquired by the
Landauer-Biittiker formula.

The temperature-dependent thermoelectric transport be-
havior also provides an excellent trademark for exploring the
Kondo effect of the strongly correlated QDs. We studied the
spectral functions of the QD system for the two energy lev-
els, Aeg = —0.6 meV and Agq = 0.6 meV (marked by the
black arrows in Figure 1(d)) with different temperatures in
Figure 5(a) and (b), respectively. As expected, the spectral
functions, A(w), show a narrow and sharp peak at w = 0 for
the low temperature. This Kondo peak of the spectral func-
tion will lead to many-body resonant-tunneling through the
system. When the temperature decreases, the Kondo peak
of the spectral function will become higher. The enhance-
ment of the Kondo effect at low temperatures is consistent
with the sign-reversal behavior in the thermocurrent in Fig-
ure 1(d). From the spectral functions of the QD system, we
can acquire that the QD system is electron occupation for
the energy level, Agg = —0.6 meV (Figure 5(a)). At low
temperatures, the Kondo correlation will enhance the many-
body electron-resonant tunneling, leading to a distinct neg-
ative thermocurrent associated with a larger amplitude. At
the temperature, T > T, the thermocurrent will transform
into a positive value, where the Kondo effect is suppressed.
Only the charge fluctuations of hole induced by the CB of a
single electron dominate the transport process, with a posi-
tive thermocurrent. However, the QD system is the hole oc-
cupation at the energy level, Agg = 0.6 meV (Figure 5(b)).
At low temperatures, the enhancement of the Kondo effect is
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the dominant mechanism for the hole-like transport, leading
to a strong positive thermocurrent. When the temperature is
T > T., the hole-like transport will transform to particle-like
transport because of the CB effect of the QD system. So,
the thermocurrent through the QD system will have a nega-
tive value. Moreover, the positive (negative) thermocurrent
is consistent with the slight slanting of the spectral function,
A(w), and the dot occupancy difference, ANy, toward the left
(right) for Agg = —0.6 meV (0.6 meV). Therefore, the ther-
mocurrent that can be measured experimentally is the ap-
propriate candidate for studying the nonequilibrium Kondo
physics of the strongly correlated QD system.

To further understand the transport properties of the ther-
mocurrent in the Kondo regime, we applied a magnetic field
to the QD system and studied the temperature-dependent
thermocurrent. Magnetic fields break spin degeneracy of
the QD, with the energy level splitting into €4 = & + ugB.
Moreover, the Kondo singlet resonance also splits into two
much weaker branches, centered at w = +ugB. It provides
two transport channels for the electron tunneling through
the QD system. As a consequence, the spin-up and spin-
down thermocurrents will separate and show different tem-
perature dependence. This suppresses thermocurrent charge-
polarity-reversal behavior due to discrimination of magnetic
field against the Kondo mechanism.

Figure 6 depicts the magnetic field effects on the evalu-
ated total thermocurrent, I, = I; + I} (left panel), and the
corresponding spin-polarized one, I, = Iy — I (right panel),
at three representative temperatures. Both the negative ther-
mocurrent, Iy, in the N = 2 regime (g4 — &ym < —1.1 meV)
and the positive thermocurrent, Iy, in the N = 0 regime
(84 — &ym > 1.1 meV) resulting from the CB of a single
electron are suppressed by the strong magnetic fields. In the
N = 1 regime, the thermocurrent is mainly determined by
the Kondo resonance at the Fermi level. Both the tempera-
ture and magnetic field destroy the Kondo effect of the QD
system. The most distinctive feature is that the charge polar-
ity reversal of the thermocurrent induced by the Kondo effect
is suppressed by the temperature. Let us start with the weak
magnetic field case (ugB = 0.06 meV), by comparing the
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A(w) (1/meV)

2 4 0 1 2 =2 4 0 1 2
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Figure 5  (Color online) The spectral function, A(w), of the QD system

with different temperatures for the energy levels, Agqg = —0.6 meV (a) and

Agg = 0.6 meV (b).
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Figure 6  (Color online) The thermocurrent, Iy,, (left panels) as a func-

tion of the energy level, g4, for the magnetic fields (a) ugB = 0.06 meV;
(c) upB = 0.14 meV; (e) upB = 0.60 meV, at different temperatures. The
right panels (b), (d), and (f) are the spin-polarized thermocurrent, /s, for
the above three magnetic fields. The insets of the right panels are the spin-
polarized thermocurrents as the function of temperatures at the particle-hole
symmetry point, &g = Esym.

Iy, in Figure6(a) and its spin-degenerate counterpart of
Figure 1(d). Evidently, the magnetic field suppresses the
Kondo correlation (at 7 = 0.232 K < T¢; black curves), so it
can manipulate the behavior of the thermocurrent at the low
temperature. Whereas the magnetic field alters relatively lit-
tle the high-temperature characteristics (at 7 = 1.74 K > T;
blue curves). When the magnetic field increases further, the
thermocurrent tends to have the same variation for all tem-
peratures. The observed sawtooth shape of Iy,(gq) in either
Figure 6(c) or (e) characterizes the CB-dominant mechanism
at all temperatures in this study. Due to the characteristic
turnover temperature, 7., being higher than the Kondo tem-
perature, Tk, the required magnetic field for this suppression
is higher than the Kondo temperature.

Figure 6(b), (d), (f) show the spin-polarized thermocurrent
with different temperatures for the three magnetic fields. The
finite magnetic field will give rise to the spin-polarized ther-
mocurrent. We found that the spin-polarized thermocurrent,
Iy, inthe N = 2 and N = 0 regimes shows a weak amplitude
and can be enhanced by a strong magnetic field. Inthe N = 1
regime, Iy(gsym; T) > 0, because &y < g and the resultant
spin-specified /; and I} are dominated by hole and particle
charges, respectively. For a weak magnetic field, the spin-
polarized thermocurrent has a strong positive amplitude at
T < T, and decreases with the high temperature in the N = 1
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regime (Figure 6(b)). On the contrary, the spin-polarized
thermocurrent shows the contrary dependent behavior of tem-
perature in a strong magnetic field. In the N = 1 regime, the
spin-polarized thermocurrent is enhanced by the high tem-
perature at a strong magnetic field (Figure 6(f)). As depicted
in the insets of Figure 6, I,(gsym; T) shows a remarkably dis-
tinct Zeeman-field dependence. As the function of tempera-
ture, it shows decreasing concave when ugB = 0.06 meV in
Figure 6(b); non-monotonic convex when ugB = 0.14 meV
in Figure 6(d); and increasing concave when ugB = 0.6 meV
in Figure 6(f). The above observations arise from the inter-
play between the CB and Kondo effects on the spin-specified
thermocurrent transport. In the weak Zeeman-field regime,
the many-body resonant-tunneling induced by the Kondo ef-
fect remains dominant at low temperatures. This means that
the spin-polarized thermocurrent, Ip(&gym; T'), has a stronger
amplitude and decreases with the temperature. For a strong
Zeeman-field case, where the CB effect is dominant since the
Kondo resonance is suppressed, only the thermal fluctuations
of the electrons lead the weak spin-polarized thermocurrent,
which increases with the high temperature. The intermedi-
ate scenario is characterized by the rich interplay between
those two mechanisms. The coexistence of CB and Kondo
resonance leads to the non-monotonic transition of the spin-
polarized thermocurrent in the N = 1 regime (Figure 6(d)).
It provides the most subtle and precise methods to manipu-
late the spin polarization transport of the strongly correlated
QDs.

Finally, we present the corresponding spin-up and spin-
down thermocurrent with different temperatures for the above
three magnetic fields in Figure 7. It is found that the spin-
specified thermocurrents, 1) (eq— &ym; T') and I1(gq — &sym; T),
show different magnetic field dependence.

For the energy level, &4 < &ym (Egym = —U/2 = ~1.1 meV;
marked by the dark yellow short dashed line), the spin-up
thermocurrent through the system has a positive value and
decreases with the temperature for low magnetic fields (such
as ugB = 0.06 meV) (Figure 7(a)). However, the spin-down
thermocurrent at low temperatures has a strong negative value
and is suppressed by the temperature. At temperature 7 > T,
the spin-down thermocurrent will change drastically into a
positive value (Figure 7(b)). So, the total thermocurrent is
negative, associated with the particle-like transport at low
temperatures. With increasing temperatures, the total ther-
mocurrent finally becomes positive, corresponding with the
hole-like transport (Figure 6(a)). With the increase in the
magnetic field, both the amplitude of the positive spin-up
thermocurrent and the negative spin-down thermocurrent are
suppressed (Figure 7(c) and (d)). So, a change of sign in the
thermocurrent will arise with a strong magnetic field, due to
the attenuation of the Kondo effect.
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Figure 7  (Color online) The thermocurrent, Iy, for spin up (left panels)

and for spin down (right panels) as a function of the energy level, &4, with
different temperatures for the magnetic fields, ug B = 0.06 meV ((a) and (b)),
B =0.14 meV ((c) and (d)), and ug B = 0.60 meV ((e) and (f)).

For the energy level, &4 > &gym, the spin-up thermocurrent
through the system at a low temperature has a positive value
and is stronger than the negative spin-down thermocurrent
(Figure 7(a) and (b)). So, the thermocurrent at a low tempera-
ture keeps a positive value, implying hole-like transport. Both
the spin-up and spin-down thermocurrent are suppressed by
the high temperature associated with the weak Kondo corre-
lation. Finally, both the spin-up and spin-down thermocurrent
have a negative value, and here particle-like transport is pre-
dominant in the QD system. So, the low-temperature trans-
port property of a thermocurrent correlated with the Kondo
effect is modulated by the magnetic field. However, the
positive spin-up thermocurrent and negative spin-down ther-
mocurrent increase with the temperature at a strong magnetic
field (Figure 7(e) and (f)). Here, the Kondo effect has been
suppressed. Only the thermal fluctuations of the electrons
assist the transport process. Leading that the thermocurrent
through the QD system is enhanced with high temperatures.
As a consequence, the thermoelectric transport property of
the weak magnetic field is different to those in a strong mag-
netic field.

4 Conclusions

In conclusion, we have studied the thermoelectric transport
of a strongly correlated QD with the Kondo correlation. The
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thermocurrent shows a distinct sawtooth shape and gives rise
to a sign reversal from a positive to a negative value at high
temperatures. At low temperatures, the thermocurrent can be
enhanced by the Kondo correlations, and a charge polarity re-
versal arises in the N = 1 regime. The transition behavior can
be understood via the particle-versus-hole charge transport
processes and the interplay between the CB and Kondo res-
onance. The characteristic turnover temperature at which the
CB and Kondo resonance are in an effective balance is much
larger than the Kondo temperature. Moreover, the magnetic-
field-dependent charge polarity reversal and spin-polarized
thermocurrent were also investigated. These are experimen-
tally measurable and observable quantities for exploiting var-
ious Kondo effects that are out of equilibrium in the strongly
correlated QDs.
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