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We theoretically study thermoelectric transport properties through a triangular triple-quantum-dot (TTQD) structure
in the linear response regime using the hierarchical equations of motion approach. It is demonstrated that large Seebeck
coefficient can be obtained when properly matching the interdot tunneling strength and magnetic flux at the electron—hole
symmetry point, as a result of spin chiral interactions in the TTQD system. We present a systematic investigation of
the thermopower (the Seebeck coefficient) dependence on the tunneling strength, magnetic flux, and on-site energy. The
Seebeck coefficient shows a clear breakdown of electron—hole symmetry in the vicinity of the Kondo regime, accompanied
by the deviation from the semiclassical Mott relation in the Kondo and mixed-valence regimes, which result from the
many-body effects of the Kondo correlated induced resonance together with spin chiral interactions.

Keywords: quantum dots, Seebeck coefficient, thermoelectric transport

PACS: 73.21.La, 72.15.Jf

1. Introduction

Recently, the field of thermoelectricity has fed an in-
tense interest in nanostructure devices because of its poten-
tial applications in highly efficient thermoelectric devices.

U2 in these de-

The violation of the Wiedemann—Franz law
vices makes it possible to achieve much higher thermoelec-
tric efficiency.®~”) The thermoelectric efficiency of a material
is measured by the dimensionless thermoelectrical figure of
merit ZT = S26T /%, where S is the Seebeck coefficient, &
is conductance, and « is thermal conductivity. Recent studies
indicate that zero-dimensional quantum dot structures result
in novel thermoelectric phenomena and significantly increase
thermoelectric efficiency. (8-10]

In these studies, the Seebeck coefficient (thermopower)
is an important parameter characterizing the thermoelectric
transport properties of quantum dot (QD) systems, which
plays a significant role in improving thermoelectric efficiency.
In general, the magnitude and sign of the thermopower can be
changed by tuning the gate voltage,!'!l level shift space,!!?!
and interdot tunneling!'3! through the QDs. For a QD em-
bedded in a ring structure, the Aharonov—Bohm-type oscilla-
tions of the Seebeck coefficient have indicated that the ther-
mopower strongly depends on the flux.!'#! Consequently, the
thermopower can be used as an experimental tool to study
the phase-sensitive Aharonov—-Bohm interferometer.!!>! More-
over, the thermopower is a direct measurement of the weighted
spectral density of the states in correlated systems with re-
spect to the Fermi energy. Therefore, we can easily obtain
information concerning electron-like or hole-like transport by
calculating the Seebeck coefficient of a QD system. In experi-

ments, the Seebeck coefficient is primarily derived via current
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(L17] Some exper-

heating!!%! and electron heating techniques.
imental studies have shown a clear breakdown of transport
electron—hole symmetry in the vicinity of Kondo spin correla-
tions, accompanied by deviations from the semiclassical Mott

relation, !11-18:19]

72 k2T d1InG(e)
"3 e e M

which describes the relationship between the thermopower S

SMott =

and conductance G, with k3 being Boltzmann constant and
€ the gate voltage. Theoretical researches have focused on
strongly correlated QDs, and the Seebeck coefficient has been
shown to be a very sensitive and powerful tool to study the
Kondo effect. The Seebeck coefficient manifests itself as an
energy peak in the density of state slightly above the Fermi en-
ergy, leading to a change in the sign of the thermopower. For
example, the Seebeck coefficient exhibits two sign changes in
the Kondo regime, showing that the thermopower is sensitive
to the Kondo resonance scattering of conduction electrons!’!
and that the thermocurrent charge polarity reverses with a sig-
nificantly enhanced magnitude at low temperatures as a result
of the formation of a Kondo singlet.[>!]

In addition, triple quantum dots (TQD) with vari-
ous structures have been theoretically studied and prepared
in experiments, exhibiting rich many-particle interactions.
Such studies have focused on the stability diagram, elec-
tron transport, quantum interference effect, and thermo-

13.22-291 In particular, the thermoelectric

electric transport.!
transport properties in serially TQD structure have already
been investigated,!'3! showing that the Seebeck coefficient is
strongly enhanced near the subradiant state, leading to the

enhancement of the thermoelectric efficiency. Moreover, the
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triangular triple-quantum-dot (TTQD) system has additional
extended freedoms and complex geometrical configurations,
which are expected to enable various many-body effects in the
strongly correlated regime,?®?’! and has interesting thermo-
electric transport properties because of the existence of the
quantum interference effect.[*®>°] In addition, the spin chiral-
ity induced by the noncoplanar spin configuration®°! in the
TTQD structure exhibits rich physical phenomena, such as the
application of spin chiral interactions in quantum computation

[30.31] a5 well as a bias-induced chiral

via spin cluster qubits,
current resulting from the splitting of the degeneracy of the
chiral states in TTQD system.[*3] However, to the best of our
knowledge, thermoelectric transport through the TTQD sys-
tem remains less studied, particularly transport accounting for

the influence of spin chiral interactions.

I .
E 0.4 o/./
< ~0-015550.22 0.24 0.26 0.28 0.30
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0.2F
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0 0.2 0.4 0.6
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Fig. 1. (a) Schematic of thermoelectric transport through the TTQD sys-
tem. The QD2 is tunneling coupled to two reservoirs via the dot-lead
coupling strength Ay /g, A =2A ;g = 0.5 meV in this paper, three quan-
tum dots are coupled with each other through tunneling strength z. The
left reservoir (red) is the hot bath and the right reservoir (blue) is the cold
bath. The temperature gradient is AT = T, — T, kgAT = 0.002 meV
in this work. (b) The Seebeck coefficient S as a function of interdot
tunneling strength ¢ at the electron—hole symmetry point without mag-
netic field. The ring structure (red solid line) is calculated in the TTQD
structure with the same interdot tunneling strength #15 = t13 = f23; the
open structure (black solid line) is calculated in serially coupled TQD
structure, namely the tunneling strength 713 between QD1 and QD3 is
zero. The other parameters for the system are taken as U = 2 meV,
€ = —1 meV, the bandwidth is W = 0.5 meV and the temperature for
system is kg7 = 0.2 meV.

On the basis of the above research results and applica-
tions, we propose a system composed of three triangularly
configured and coupled QDs, with one dot (QD2) connected to
two electron reservoirs via the dot-reservoir coupling strength
AR, as schematically shown in Fig. 1(a). The temperature
of the system is defined as T = (Ty, — Tz) /2. The electron
on each dot is single occupation, i.e., spin = 1/2, and moves

through the three QDs in the clockwise or anticlockwise di-
rection. Three noncoplanar spin structures contribute to the
spin chiral operator S; - (S x S3) of the chiral interaction in
the TTQD system. The chiral interactions involving both spin
and orbital degrees of freedom generated in the TTQD sys-
tem lead to novel thermoelectric transport behavior, which dif-
fers vastly from the thermoelectric properties in the serially
TQD structure. As shown in Fig. 1(b), a large Seebeck coef-
ficient for the ring structure (solid red line) of the TTQD sys-
tem is obtained with the increasing interdot tunneling strength
t, (t;p = t13 = fr3). Conversely, S remains at a value of zero
for a open structure (solid black line) of the serially TQD,
where the interdot tunneling between QD1 and QD3 is zero
and t;p =ty =t.

In this paper, we analyze the thermoelectric effects
in a tunneling-coupled TTQD system coupling two metal
leads. The basic thermoelectric coefficients in the linear re-
sponse regime are obtained using the hierarchical-equations-
of-motion (HEOM) approach. We present a systematic in-
vestigation of the influence of the tunneling strength ¢, the
magnetic flux ¢, and the on-site energy €, on the Seebeck
coefficient S (thermopower), through the TTQD system. We
demonstrate that a large Seebeck coefficient can be obtained
when properly matching the interdot tunneling strength via a
ring-like TTQD system, as a result of the formation of spin
chiral interactions; whereas S for the serially TQD remains at
zero. Numerical computation results show that the semiclassi-
cal Mott relation between the thermopower and conductance is
failed to describe the asymmetry of the electron—hole transport
in the Kondo and mixed-valence regimes. This is attributed to
the many-particle nature of the Kondo correlation induced res-
onance together with the spin chiral interactions through the
TTQD system.

2. Theory and approach
2.1. Model and Hamiltonian

We adopt Anderson imparity model to represent the
TTQD system in this work. The total Hamiltonian is

Hiot = Hyots + Hies + Hcoup- ()

The dots is described as
Haos = Y €idiy i+ U Y ity + Y tiidiydju, — (3)
iy i i#ju
where diT“ (diy) creates (annihilates) an electron of spin u on
the i-th dot with single-electron energy level g, and n;, =
diL d;y, is the operator of the occupation number on the i-th dot.
The #;; term is the tunneling coupling between two QDs and is
determined by the overlap integral of their wave functions.
The noninteracting electron reservoir in the two leads are
described by Hres = Yoky 3akC('xk”Caku, where Clxku (Caku)
creates (annihilates) an electron on the k-th state of lead «.
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The interactions between QDs and the leads are Heoup =
Yokin Vakiud;ﬁcaku + H.c. with Vg, being the tunnel ma-
trix element between i-th impurity and electrons with k-th
When we focus on QD2 in this
paper, Vg, is the electron tunneling strength between two

state on the o-reservoir.

leads and QD2. The effect of electron reservoirs on QDs
is taken into account through the hybridization functions,
Auv(0) = ZoAaquy (0) = T VaukVe i 0(® — €qk), in the
absence of applied chemical potentials. Generally, we adopt
Lorentzian hybridization functions in the HEOM approach,
thatis, Auy (@) = 8,y AW?/(@? +W?), with A = 4 A being
the overall dot-lead coupling strength and W the bandwidth of
the electrodes.

Thermopower (TP) is usually characterized by the See-

beck coefficient, which is defined as[”-18]

_ (W (v
sw=-(a7),=(ar), @

We can measure the Seebeck coefficient by searching for the
bias voltage V that cancels Vr,!”! with the HEOM approach,
Sdef can be computed precisely by following the definition of
Eq. (3).I'”) While it is computationally more convenient to fo-
cus on the linear regime, the total current is’!

I =GV + L1AT, )

hence, the thermopower (TP) can be evaluated as

Ly
Stinear = _E; (6)
where the coefficient Ly = (%)VZQ and the conductance

G= (g—‘l,) AT—0 can be obtained by computing the thermocur-
rent or electronic current response to a small temperature gra-
dient AT and a small bias voltage V, respectively.

Under a perpendicular magnetic field, the magnetic flux ¢
threads the ring-like TTQD structure, we assume the magnetic
flux act on the interdot tunneling 7, that is, = eii%’r")/ dog,
Then the r—J—) effective model can be derived by treating 7 in

Hgois perturbatively, up to the third order(33-4]

Her = —t(1—n) Y (d},dju +Hec.)
iju

+7Y <§z§j - i?@) +A81($2%83), ()

i<j
where n is the average occupation number on each dot. The
first term will vanish in the half-filling situation (n = 1). The
second term is Heisenberg exchange interaction with J =
4t2/U. The third term is the chiral term with chiral oper-
ator §1 . (§2 X §3),[35] where X is the chiral interaction with
X = 243sin(2m¢ /dy)/U?, and ¢ is the magnetic flux en-
closed by the TTQD structure. Here, ¢g = hc/e is the unit
of quantum flux. For simplicity, we let @ = 2@ /¢y; thus,

x = 24t3sin(@)/U?.

2.2. HEOM approach for QDs

The HEOM approach investigates the properties of quan-
tum dots in both equilibrium and non-equilibrium states via
the reduced density operator, which has a universal formalism
for an arbitrary system Hamiltonian; thus, it can be used to ac-
curately solve the three-impurity Anderson model. We show a
brief derivation of the HEOM approach, %371 at time ¢, the
reduced system density operator p(t) = trspr(f) is related
to the initial value at time #y via the reduced Liouville-space

propagator G(t,t) by
p(1) =G(t,10)p(10). ®)
Let |y) be an arbitrary basis set defined in system space,
and v = (y, ). Therefore, p(y,t) = p(y, ¥, ). From the

Feynman—Vernon influence functional, the path-integral ex-
pression for the reduced Liouville-space propagator is

Gyt = [ Dy L ()
iolto]

Here, S[y] is the classical action of the reduced system, F[y]

is the influence functional determined by the Grassmann vari-

ables of the system-environment coupling f;m () diu[wu] +

H.c. The operators f;iu (1) and fqiy(r) are the reservoir op-

erators defined by

f;m(t) = eiHat <Z V;ki“c;k#> e~ ifal, (10)

keo

i (t) = ! (Z Vakmcaku> e e, (11)

keo

The influence functional can be evaluated using the Wick
theorem and the second-order cumulant expansion method,
because all the other higher order cumulants are zero at the
thermodynamic Gaussian average for non-interaction leads.
As a result, the ensemble average of the second-order cu-
mulants is connected to the reservoir correlation functions
CE. (1), defined as

aijp
Chiju(®) = (L fa ) (12)

Coigu®) = ( fea (1)1, (0) )

where (---)s stands for the ensemble average of the reser-

(13)

)
res

voirs, and the time translation invariance is used. All LCFs in
a form differ from that in Eqs. (12) and (13), and they are zero
because the lead operators f;i# (1) and foiy (1) satisfy Gaussian
statistics. The reservoir spectral density function is defined as

1o~ .
Jaiju (@) = Eﬁm dtelwt<{faiu(f)af;m(o)}% (14)

with the simplified notation 0 = +, — and 6 = —o, the reser-
voir correlation functions are associated with the spectral den-
sity functions via the fluctuation-dissipation theorem

Coul) = [ doci o (@G (@), ()
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where Jg,., (0) = Jaiju(@), Jg,(©) = Jajiu(®), and
fS (@) = 1/(1 +e®Pal®=Ha)) is the Fermi-Dirac function for
the electron (0 = +) or hole (o = —) at the temperature
Bo = 1/kgTy. For linear coupling with a non-interacting reser-
voir, the reservoir spectral density function can be evaluated
as Joiju (@) = Li Vo Varju 6 (@ — €ax). After applying the
Wick theorem and Grassmann algebra, the final expression of
the influence functional F is

v =exp{— [ lde[f,{w}]}, (16)

where R[t,{y}] =
and Bg;,

hlzZociuc-Agl[W( )] azu[t W} Here, Ag;

are the Grassmann variables defined as

A v ()] = dZ [w(0)] +dg[w'(1)], (17)
Bglﬂ[ V’] =i [Bgi[,t(t7W) _B:xGi/.L(t’ ll/)] ) (13)

with

By (t.w) =), Odrcgim(r—r)d;’u[w(r)], (19)

By, (t,¥) Z/ dTCq, (1 —1)d W (T)].  (20)

The LCFs play the role of memory kernels that can be
expanded by a series of exponential functions with implemen-
tation of the fluctuation-dissipation theorem together with the
Cauchy residue theorem and the Padé spectrum decomposition
scheme of the Fermi function

Coijult Zna,,um Yedjun' (1)

The influence of bath enters the equations of motion with
M exponentiations. The auxiliary density operators (ADOs)
{P}’ = le...jn}

influence functional. The final form can be reduced to the fol-

are determined by the time derivative of the

lowing compact form:

~(ic+ ;wr)PET?.. ~iLA; oy,

. n—r (n—1)
=i ) ()P i (22)

r=1

S(n)
Pjioju =

the index j = (opum) corresponds to the transfer of an elec-
tron to/from (6 = +/—) the impurity state u, associated
.M de-
notes the poles in the LCF. The Grassmannian superoperators
A;= A" and C; = ij’ﬂm
tions on an operator O as A;0 = [dF,,
n;0dg,
contained in the Liouvillian of impurities, £- =
Po(t)
{Pjn@hin=1,...,

with the characteristic memory time ¥, !, m, = 1,...

are defined via their fermionic ac-
O] and C;0 = n;d5,0+
respectively. The on-dot electron interactions are
[Hyot, -]- Here,
= p(t) = trresProtal (?) is the reduced density matrix and
L} are auxiliary density matrices, with

L denoting the truncation level. The transient current through
the electrode o is

t) = iztl‘sys [p;rcip (t>d/}ﬂ - d:rupo?ip (I)L (23)
in

where pw " = (Pyi “) is the first-tier auxiliary density operator
obtained by solving Eq. (22). The influence of the a-reservoir
can be characterized completely by the hybridization function

Ay (@) = Yo Aapv (@) = TY o VaurVei0(@ — €qi).  We
choose a Lorentzian spectral density function
W2
Atxuv( ) Aocg,uv o2 —|—W2 (24)

with a width of the conduction band of Wy, on the o lead in the
absence of chemical potential. Moreover, the spectral density
function for i-th QD with u-spin can be written as

Ay (o)
1 ” ¥ n—i0t
= nRe{/o dt{CaiuaL 1)+ [Cazuafu(t)] le '@ }, (25)
and A(@) = Y Aip ().
The HEOM approach is established based on the

Feynman—Vernon influence functional path-integral theory!3?!

and implemented with Grassmann algebra for fermion
dissipations.*”! Basically, the HEOM approach is a non-
perturbative method for general quantum systems coupled to
reservoir that satisfies Grassmann Gaussian statistics, 39+
Based on the linear response theory of quantum open sys-
tems, we can accurately and efficiently obtain a dynamical
observable quantity of strongly correlated quantum impurity
systems. %! In practical calculations, we must minimize the
computational expenditure while maintaining the quantitative
accuracy. For this purpose, we usually impose a truncation
L as the highest tier of the ADOs. This truncation decreases
the number of EOMs to match the insufficient calculation ca-
pacity, without affecting the nonperturbation characteristic of
HEOM. This truncation L is measured by the quantitative con-
vergence at A(@w = 0) when the Kondo effect is considered,
usually L = 4 for most physical cases. However, lower tem-
peratures demand a higher truncation tier and more computing
resources to achieved numerical convergence. In recent years,
the HEOM approach has been widely used to investigate the
Kondo effect and transport properties under equilibrium and

non-equilibrium conditions in quantum dot systems. 3642441

3. Results and discussions

3.1. Interdot tunneling dependence of thermoelectric
transport properties
To distinguish the influence of the tunneling strength ¢
on the Seebeck coefficient S, in the two types of TQD struc-
tures, that is, the ring structure for the TTQD system and the
open structure for the serially TQD system, we calculate the
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Seebeck coefficient for two cases at the electron—hole symme-
try point. The on-site energy for each QD is € = —U/2 =
—1 meV, and a diagram is presented in Fig. 1(b). In the TTQD
system, the Seebeck coefficient for ring (solid red line) is cal-
culated in a structure where the three QDs coupled with each
other via the same tunneling strength ¢ (11, = ;3 = t3). For an
open structure (solid black line) calculated in a serially cou-
pled TQD system, the tunneling strength #3 between QD1 and
QD3 is zero and the S is a function of the tunneling strength ¢
(tio =13 =1).

As depicted in Fig. 1(b), the most distinctive feature of
the Seebeck coefficient S in the ring structure is a large mag-
nitude with increasing tunneling strength ¢, compared with
the open structure where it maintains a value near zero. In
addition, the Seebeck coefficient exhibits different behaviors
For the
ring structure (solid red line) in the TTQD system, the See-

for weak and strong interdot tunneling strengths.

beck coefficient maintains a value of zero for small tunneling
strengths, ¢ < 0.1 meV, and the very small coupling strength
between QDs causes QD2 to decouple from the other two
dots (QD1 and QD3). Therefore, the thermoelectric transport
behavior is similar to that of a single QD coupled with two
leads, where the thermocurrent maintains a value of zero at the
electron—hole symmetry point.[>! That is, the number of elec-
trons transported is equal to the number of holes transported.
Hence, the Seebeck coefficient is zero. Meanwhile, with in-
creasing tunneling strength, 7 2 0.1 meV, the induced second-
order antiferrmomagnetic spin coupling J = 4> /U is domi-
nant in the thermoelectric transport process, leading to small
negative S. However, the competition between the second-
order interaction #*> and third-order interaction ¢ suppresses
the magnitude of the negative S for 0.2 meV< ¢ < 0.26 meV,
leading to the charge polarity reversal of the Seebeck coef-
ficient. Accordingly, the sign of S changes from negative to
positive at approximately ¢ == 0.26 meV. When the tunneling
strength ¢ increases beyond the value of ¢ 2 0.26 meV, the See-
beck coefficient experiences rapid growth with increasing tun-
neling strength owing to the chiral interaction formed via the
TTQD system. The anomalous behavior of the Seebeck coef-
ficient with the interdot tunneling strength can be understood
as follows: a strong tunneling strength links the three spins
together to form chiral interactions through three QDs, which
breaks the electron-hole symmetry. The electrons contribute
to thermoelectric transport, therefore, the electron-like trans-
port is dominant and associated with a negative thermocurrent,
leading to a positive S in the thermoelectric transport process
through the ring-like TTQD system. Therefore, a large tun-
neling strength lifts the symmetry of electron-hole transport,
leading to a large enhancement of Seebeck coefficient S as a
result of the chiral interactions through the TTQD structure.
The chiral interaction makes the entire system more stable,

assisting thermoelectric transport through the ring-like TTQD
system. In addition, the TTQD system makes it easier to adjust
the Seebeck coefficient continuously in experiments, which in-
creases the possibility of improving thermoelectric efficiency
by adjusting the interdot tunneling strength at the electron—
hole symmetry point in the absence of a magnetic field.

1.0
t13:0.2t
0.8- t13:O.5t
tiz=t
— 0.6} e
& ti3= 1.5t
Jai]
£ 04f
0
0.2
0

0 0.1 0.2 0.3 0.4 0.5 0.6
t (meV)

Fig. 2. The Seebeck coefficient S as a function of tunneling strength
t (t12 = tr3 =t), with different tunneling strengths between QD1 and
QD3, 113 =0.2¢, 0.5¢, ¢, 1.5¢, in the absence of magnetic field.

Furthermore, for a case of asymmetry structure in the
TTQD system, where the interdot tunneling strength #3 is dif-
ferent from #, = tr3 = ¢, the Seebeck coefficient as a func-
tion of tunneling strength ¢ is shown in Fig. 2. It is obvious
that the Seebeck coefficient increases with tunneling strength
t, which is the same as that described in the symmetry struc-
ture, tjp = t13 = tp3 = t. For t;3 <t (the solid black line and red
line), the Seebeck coefficient is smaller than that of the sym-
metry structure (solid blue line), because the chiral interaction
is weaker than that of the symmetry structure. When #13 > ¢,
the Seebeck coefficient is higher than the symmetry structure
(solid green line). Therefore, the tunneling strengths among
three QDs are strongly correlated with the magnitude of the
Seebeck coefficient, a detailed description is discussed in the
following.

As a further investigation, the Seebeck coefficient can be
matched properly by combining the tunneling strength with
magnetic flux, and this provides an application of the TTQD
system using theoretical basis of thermoelectric transport. As
shown in Fig. 3(a), the Seebeck coefficient as a function of the
tunneling strength, ¢ (113 = f3 = t12), is calculated at different
magnetic flux phases, ¢. For ¢ =0 (solid black line), the sign
of § is positive with increasing 7, whereas it remains negative
at ¢ = 7 (solid purple line), but with the same magnitude as
in the case of ¢ = 0. Identical behavior appears at ¢ = 0.257
(solid red line) and ¢ = 0.757 (solid green line). In addition,
the magnitude of S is zero when the magnetic flux phase is
¢ = 0.57 (solid blue line). Therefore, the numerical compu-
tation results demonstrate that the magnitude of the Seebeck
coefficient can be changed by tuning the tunneling strength,
leading to novel behavior as a result of the chiral interactions
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forming through the TTQD system. Meanwhile, the magnetic
flux can adjust the sign of the Seebeck coefficient to deter-
mine whether electron-like or hole-like transport occurs in the
TTQD system.

0.8
—— p=0.257
0.4F——¢=0.507
—— p=0.757
R
5 0
0
—0.4r
—0.8 : : : L L
0 0.1 0.2 0.3 0.4 0.5 0.6
t (meV)
0.9
® Numerical (¢ =0) (b)
0.6F = Y= 0.257
. o =0.75m
03 =e=T
B
=
= 0
%)
_0.3F
— Fitting (¢=0
- |— ¢ =0.257
06r__ @ =0.757
R =T
ool . . .
0.05 0.10 0.15 0.20
t3 (meV?)

Fig. 3. The Seebeck coefficient S as a function of tunneling strength ¢
(t12 = t13 = t3) at different magnetic flux phases: ¢ =0, ¢ = 0.257,
¢ =0.57, ¢ =0.75m, and ¢ = w. We choose large tunneling strength
t 2 0.26 meV in (a), and show the linear fitting relation of the Seebeck
coefficient dependence on tunneling strength ¢ at different magnetic
flux phases in (b), thatis, ¢ =0, ¢ =0.257, ¢ =0.757, and ¢ = 7.

To investigate the detailed relationship between the See-
beck coefficient and the tunneling strength, we examine a
large tunneling strength (¢ 22 0.26 meV) in Fig. 3(a), where
the Seebeck coefficient shows distinct growth with increas-
ing strength. We also show the linear fitting relation of the
Seebeck coefficient dependence on the tunneling strength #3
at different magnetic flux phases of ¢ = 0 (solid black line),
¢ = 0.257 (solid red line), ¢ = 0.757 (solid blue line), and
¢ = 7 (solid magenta line) in Fig. 3(b). As depicted in
Fig. 3(b), the magnitude of the Seebeck coefficient is perfectly
linear with respect to #>. Consequently, the Seebeck coeffi-
cient is closely related to the chiral interaction induced by the
three spins through the TTQD structure, making the system

more stable and assisting the thermoelectric transport.

3.2. Magnetic field dependence of thermoelectric trans-
port properties
As is well known, the quantum interference effect plays a
significant role in thermoelectric transport. For the TTQD sys-
tem, it is very convenient to obtain the influence of the interfer-
ence on the thermoelectric quantities by tuning the magnetic

flux, threading into a ring-like structure. These thermoelectric
quantities are periodic functions in the magnetic flux phase ¢,
with a period of 27 or w. The magnetic flux phase resulting
from the phase factor re'?/3, where ¢ is the magnetic flux,
threads the TTQD system.

0.231

G (2¢2/h)

0.22F

S (ks/e)

—0.2 1 1 1

e(m)
Fig. 4. (a) Thermocurrent I,, (b) conductance G, and (c) Seebeck coef-
ficient S, versus magnetic flux phase ¢, under a perpendicular magnetic
field at the system temperature kg7 = 0.2 meV, with a large tunneling
strength 11, =13 =t3 =t = 0.4 meV.

At the electron-hole symmetry point (¢ = —U/2), the
number of electrons tunneling through the QDs system is
equal to the number of tunneling holes. Therefore, the total
thermocurrent through QD and double-QD systems is zero. [2!]
However, because of the presence of tunneling term in the
TTQD system, the numbers of electrons and holes are not
naturally identical under the electron—hole transition of the
Hamiltonian of an isolated TTQD system at the point € =
—U/2 = —1 meV. The numbers of electrons and holes will
recover being identical when a perpendicular magnetic field is
applied to the TTQD system.[*] Existing studies show that the
sign of the thermocurrent reflects the dominance of the elec-
tron (—) or hole (4) transport in the thermoelectric transport
process through a QD system.!!-2!] Therefore, the thermocur-
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rent can be seen as an observation to detect either hole-like or
electron-like transport through the QDs system.

We choose a large tunneling strength of ¢ = 0.4 meV
where the chiral interaction term ) will react and present a di-
agram of the thermocurrent Iy, as a function of magnetic flux
phase ¢ in Fig. 4(a). It is seen that Iy, is a periodic function in
¢ with a period of 27. In detail, the sign of the thermocurrent
is negative at the point of ¢ = 0, which indicates electron-like
transport through the system without a magnetic field. The
thermocurrent varies from negative to positive when changing
the magnitude of the magnetic flux with a period of 27, and
I, experiences a zero point at ¢ = /2 +kmw (k=0,1,2...).
Therefore, the electron—hole will become symmetric at a spe-
cific magnetic flux of @ = n/2+kn (k=0,1,2...) in the
TTQD system. In addition, as shown in Fig. 4(b), the magni-
tude of the conductance G manifests as a periodic function in
¢ with a period of 7. In detail, the G reaches minima at ¢ =
w/2+kr (k=0,1,2...) and maxima at k7 (k=0,1,2...).
The Seebeck coefficient is calculated via the thermocurrent di-
vided by the conductance. Therefore, the Seebeck coefficient
has the same period as that of the thermocurrent. The ampli-
tude of the Seebeck coefficient as a function of the magnetic
flux (Fig. 4(c)) indicates that the charge polarity reversal of the
Seebeck coefficient from positive to negative, and vice versa,
is induced by the regulation of the magnetic flux.

3.3. On-site energy dependence of the thermoelectric
transport properties and violation of the Mott relation

As mentioned above, we have discussed the thermoelec-
tric transport properties via the TTQD system under the con-
dition of electron—hole symmetry. In general, the QDs sys-
tem can be tuned from the Kondo to the mixed-valence or
empty-orbital regimes via the gate voltage,*"! leading to novel
thermoelectric transport properties. Previous studies of the
thermoelectric properties by altering the gate voltage mainly
involving two-level QD!'?! and single-level QD,?!! indicat-
ing that the Kondo resonance assists thermoelectric transport
through strongly correlated QD at low temperatures. Exper-
imentally, the thermopower shows a clear deviation from the
semiclassical Mott relation in the vicinity of the spin Kondo
correlation regimes.!'!! In this work, we also observe the phe-
nomenon of the violation of semiclassical Mott relation, be-
cause the Kondo effect induced on QD2 at low temperature,
as well as the spin chiral interactions formed in the TTQDs
system, assists thermoelectric transport.

We calculate the Seebeck coefficient as a function of the
on-site energies under a low temperature of kg7 = 0.05 meV,
as shown in Fig. 5, and we choose a large interdot tunnel-
ing strength t+ = 0.4 meV, where the chiral interactions act
through the TTQD system. As shown in Fig. 5, the numer-
ical computation results for the Seebeck coefficient show a

nonmonotonic behavior with increasing on-site energies € in
the range of —2 meV< € < 0.5 meV, remaining in the Kondo
and mixed-valence regimes. In the Kondo regime, the occu-
pancy for QD2 is nearly 1 and a localized spin formed on the
dot at kg7 = 0.05 meV, where the on-site energy is approx-
imately —1.5 meV< € < —0.5 meV. Physical properties are
characterized by spin fluctuations in this regime. Therefore,
there are two sign changes of the Seebeck coefficient arising
at e ~ —1.5meV and € ~ —0.5 meV. The Kondo singlet state
forming between the QD2 and conduction electrons will assist
the transport process, contributing to a positive Seebeck coef-
ficient. In the mixed regime, the charges fluctuates between 0
and 1 resulting in an average occupation number of 0.5, so the
physical mechanism is governed by the charges together with
the spin fluctuations, contributing to complex behavior of ther-
moelectric transport. The magnitude of S oscillates with the
increasing on-site energy, arising at —2 meV< € < —1.5 meV
and —0.5 meV< € < 0.5 meV, because of the interference ef-
fects of the charges together with the spin fluctuations at low
temperature.

1.0

S (ks/e)

SMott

—1.5 1 1 1 1 1
-5 -4 -3 -2 -1 0 1 2

€ (meV)

Fig. 5. The Seebeck coefficient calculated by Eq. (1) (dashed red
line) in comparison with Eq. (6) (solid black line) at the temperature,
kgT = 0.05 meV, in the absence of magnetic field. The blue solid
lines divide the space into three physical regions, where —2 meV< € <
—1.5meV and —0.5 meV< € < 0.5m eV is the mixed-valence regime,
—1.5meV< e < —0.5meV is the Kondo regime, 0.5 meVS € <2 meV
is the empty orbital regime. The electron-hole symmetry point is
&ys = —U/2 = —1 meV and the interdot tunneling strength set as
tip =tz =113 = 0.4 meV.

We compare the Seebeck coefficient calculated using
Eq. (1) (dashed red lines) with that calculated using Eq. (6)
(solid black lines) in the linear regime, as depicted in Fig. 5
(kT = 0.05 meV). The numerical computation results show
a clear deviation from the semiclassical Mott relation in the
range of Kondo and mixed regimes (—2 meV< € < 0.5 meV).
A comparison between Sjinear and the semiclassical expected
Smoe shows the additional contributions of the thermopower
in the Kondo and mixed-valence regimes, where spin corre-
lations induced by the Kondo effect is a prime candidate for
explaining the occurrence of these extra contributions. In ad-
dition, the chiral interaction also acts through the TTQD sys-
tem. With increasing the interdot tunneling ¢, the three quan-
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tum dots are tied together to make the system more stable,
assisting the thermal transport of electrons. Therefore, Syipear
and Sy show a complex nonmonotonic behavior with an in-
creasing magnitude because of the Kondo effect together with
the chiral interaction-assisted thermoelectric transport.

4. Summary

We have theoretically investigated the thermoelectric
transport properties in a ring-like TTQD system with one dot
coupled to two leads. We examine the thermoelectric effect
dependence on the tunneling strength, magnetic flux, and on-
site energy and find that a large enhancement of the Seebeck
coefficient arises through the TTQD structure, which results
from the spin chiral interaction with increasing the interdot
tunneling 7. At the electron-hole symmetry point, with the
increasing interdot tunneling strength ¢, the numerical results
indicate that the Seebeck coefficient is linear with respect to
the tunneling strength 73 for different values of the magnetic
flux. Therefore, the magnitude of the Seebeck coefficient
could be adjusted by the interdot tunneling, and the charge po-
larity reversal of the Seebeck coefficient is linked to the mag-
netic flux. Under a perpendicular magnetic field, the quantum
interference effect plays a significant role in the thermoelec-
tric transport, where the Seebeck coefficient, thermocurrent,
and conductance are periodic functions of the magnetic flux
phase through the TTQD system. Moreover, at low tempera-
ture, the Seebeck coefficient dependence on the on-site energy
indicates that the semiclassical Mott relation between the ther-
mopower and conductance is failed to describe the asymmetry
of the electron—hole transport in the Kondo and mixed-valence
regimes, since the many-body effects of the Kondo correlation
induced resonance act as well as the spin chiral interaction
work through the TTQD system.
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