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Thermopower signatures and spectroscopy of the canyon of conductance suppression

G. KirSanskas, S. Hammarberg, O. Karlstrom, and A. Wacker
Mathematical Physics and NanoLund, University of Lund, Box 118, 22100 Lund, Sweden
(Received 17 April 2015; revised manuscript received 2 July 2016; published 20 July 2016)

Interference effects in quantum dots between different transport channels can lead to a strong suppression of
conductance, which cuts like a canyon through the common conductance plot [Phys. Rev. Lett. 104, 186804
(2010)]. In the present work we consider the thermoelectric transport properties of the canyon of conductance
suppression using the second-order von Neumann approach. We observe a characteristic signal for the zeros of
the thermopower. This demonstrates that thermoelectric measurements are an interesting complimentary tool to
study complex phenomena for transport through confined systems.

DOI: 10.1103/PhysRevB.94.045427

I. INTRODUCTION

Thermoelectric effects in nanoscale structures have been
frequently studied with the aim to improve the efficiency of
devices [1,2]. In addition, it has been recently demonstrated
that thermopower measurements can serve as an interesting
tool to characterize complex scenarios due to coherences and
interactions in nanoscale systems [3—11]. Here the intrinsic
advantage of thermoelectric measurements is that they probe
asymmetries around the Fermi level and therefore can easily
provide information about excited states [12].

Close to a degeneracy of energy levels in a quantum dot,
interference and correlation effects can play an important role
for transport and lead to pronounced quantum mechanical
phenomena. For a spin-degenerate quantum dot (QD) the
conductance experiences an enhancement for low tempera-
tures due to the Kondo effect [13,14]. The thermopower of
the single and multiple quantum dots in the presence of the
Kondo effect was examined both theoretically [6,15-28] and
experimentally [29]. On the other hand, in the case of two
degenerate levels with equal spin, at degeneracy, conductance
can be suppressed due to electron correlation and interference
effects [30-35]. Such a spin-polarized two-level model was
widely used to interpret the phenomena of phase lapses of
transmission in an Aharonov-Bohm interferometer containing
aQD [34,36—41]. Additionally, due to their small size the quan-
tum dots also can exhibit Coulomb blockade effect [42,43].
The thermopower of the usual Coulomb blockade sequential
tunneling peaks and the cotunneling signal were addressed in
Refs. [44-52].

In Ref. [53] a system of two spin-polarized degenerate
levels was realized in an InSb nanowire QD, where different
g factors allow us to control level crossings for the same
spin by a magnetic field. The experiment showed, in good
agreement with supporting calculations, that the suppression
cuts as a canyon through the standard conductance plot for
different parities of the level couplings. A more detailed
analysis of the conductance spectrum can be found in Ref. [54].
A related two-level system was optimized for achieving high
thermoelectric performance in Ref. [55]. In this work we
further elaborate on thermoelectric properties and focus on
the fingerprint of conductance suppression in the thermopower
signal.

The paper is organized as follows. In Sec. II the model
for the spin-polarized two-level quantum dot is introduced.
Results for conductance and thermopower are presented in

2469-9950/2016/94(4)/045427(11)

045427-1

Sec. III. Here we focus on the zeros of the thermopower,
which are relatively easy to extract experimentally. We start in
Sec. IIT A with a discussion of the noninteracting case, where
results are obtained using transmission formalism. Here we
show that up to five zeros in the thermopower can be found
if the gate voltage is varied. Furthermore, we establish the
role of temperature and level broadening for the existence of
multiple zeros. The impact of finite QD charging energy is
addressed in Sec. III B, where calculations are performed by
the second-order von Neumann (2vN) approach. This reveals
the full scenario for the canyon of conductance suppression.
Concluding remarks are given in Sec. IV.

II. MODEL

The two-level quantum dot system under investigation is
depicted in Fig. 1. Its energy levels E;, Ey are assumed to
be individually tunable. In practice this is achieved by a gate
voltage vy = (E| + Ey — ur — ur)/2e (where e < 0 is the
electron charge and 141 g is the chemical potential in the left and
right lead, respectively); and by controlling the detuning AE =
E| — Ey/, which, for example, can be physically realized by a
magnetic field if the two levels have different g factors [53].

The total Hamiltonian for the system consisting of the QD
coupled to two leads via tunneling barriers can be written as

H = Hp + Hir + Hr. (D

tRr1
XJ_\
e — By
\ MR l@vq
AE o b L I .

Occupation Occupation

FIG. 1. Schematic of the system: A quantum dot with single
particle levels E; and E/ coupled to the leads via tunneling barriers.
The leads have a temperature difference AT which can give rise to a
current flowing through the dot.
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The two-level spinless QD Hamiltonian Hp, in a single particle
basis, is

Hp = E,dld, + E,dld, + Ud|d,d.d,, )

where U is the charging energy due to Coulomb repulsion
between electrons in the dot. In our calculations and corre-
sponding plots we shift the zero value of the gate voltage to
the particle-hole symmetric point and use

V, = lelv, — U/2. 3)

The lead Hamiltonian Hiy is

Hir = Z Ekclt/ickl’ “)
k.

where k denotes the lead state and £ = L,R denotes the lead.
We assume that the leads are thermalized resulting in an
occupation function

1
eEx—uo)/ksTe 4 1°

fe(k) = 4)
with different temperatures 7y /g, for the left and right lead,
respectively. The tunneling between the dot and the lead is
governed by the Hamiltonian Hy that reads

Hr= Z(t131d1T +1,d))c,, + He, (6)
k.t

where, for simplicity, the tunneling amplitudes #,; are assumed
to be the same for all values of k and the coupling strengths
are defined as T'y; (E) = 2|t |* Y, 8(Ex — E) ~ 2 vp |ty .
Here we performed the & sum using the flat density of states
approximation, i.e., Zk — VF f_DD dE, with vy denoting the
density of states at the Fermi level and 2D denoting the
bandwidth of the leads. We also assume 2D to be the largest
energy scale in the problem.

In a nonequilibrium situation a current / through the dot can
be generated both by an applied bias V = (up, — ur)/e and
a temperature difference AT = Ty — Tr between the leads.
Close to equilibrium this establishes a linear relation between
AT and the bias V for which this current vanishes. This defines
the Seebeck coefficient (or thermopower) S via

S 4 7

AT, @

This coefficient can be numerically obtained for a given

transport model. For the units of the thermopower we use

So = kg/le] = 86.2 uV/K and for the units of conductance

we use Go = e*/h ~ 38.7 uS. Lastly, in linear response to

applied bias V or temperature difference AT the Hamiltonian

Eq. (1) can be mapped to generalized Anderson model, which

was discussed in Ref. [34]. This mapping for model parameters
considered in this paper is discussed in Appendix B.

A. Noninteracting case U =

For the noninteracting case, when there is no charging
energy U = 0, the thermopower S and conductance G can
be calculated exactly from the electronic transmission 7 (E)
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as [56-58]
G = é%L, (8a)
s—_ L L (8b)
~ eIT Ly’
with
1 [*e of (E,u,T)
Ly = — dE(E — )" -2 )T (E), 9
h/m ( m( ot )() ©)

where the limit of vanishing temperature difference AT — 0
and vanishing bias V — 0 between the leads was taken. The
transmission is calculated using the Caroli formula [59]

T(E) = Tr[[LGR(E)IRGA(E)], (10)

where G®/A(E) is the retarded/advanced Green’s function of
the quantum dot electrons and I'; is the coupling strength given

by
_(Tenn
Fe= (FL’,I’I

The retarded/advanced Green’s function can be obtained from

Ceqr

F[,l/l/)’ Fﬁ,ij = ZﬂUFIEil‘Z}. (11

G=(G"-%)", (12a)

-1 _ Z_El 0
G() —< O Z_E]’>’

by replacing z = E + in for the retarded function G® and
z = E — in for the advanced function G#, where 7 is positive
infinitesimal. Here X is the self-energy given by

(12b)

r
L =% +% = :Fi?Z, (12¢)

in the case of infinite bandwidth D — +o0. If the following
choice of tunneling amplitudes (corresponding to the canyon
of conductance suppression) is made:

wi=t, 1=t tr=-—at, wRy=at, (13)

we get the coupling strength matrices

. 1 —a . 1 +a
FL_F(—a a2>’ FR_F(—HJ a2>’ (14)

with T = 27vg|t|?, and the transmission function takes a
simple and intuitive form as a sum of two Breit-Wigner
resonances [60-63]:

2
. (15

1 a?

T(E)=T? — — .
E—E]+1F E—E1/+1612F

Here the minus sign between both terms relates to the different
parities of the tunnel couplings for both levels as defined in
Eq. (13). For small T" both terms cancel at E;. = a?E| resulting
in zero transmission. This provides a line of conductance
suppression in the (£, Ey/) plane.

In order to see whether the canyon of conductance suppres-
sion gives qualitatively different results for the thermopower,
we will make a comparison to the case when all the tunneling
amplitudes have the same sign:

ty=t, ti=t, Ly =+at, Ry =at. (16)
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This choice leads to such coupling strength matrices

Ik = r( ! +"). 17

“+a a?

The transmission function acquires a more complicated struc-
ture than a sum of two resonances [61-65]:

a*(E — E\) + (E — Ev)
(E - E] + ZF)(E - E]/ + iaZF)—i-aze

T(E)=T?

(18)

For zero energy E = 0 the above transmission is zero at £}, =
—da 2 E 1

B. Second-order von Neumann (2vN) approach

For the interacting case we use the second-order von
Neumann (2vN) approach [66], which contains both coherent
effects and cotunneling. However, the method fails around
and below the Kondo temperature where strong correlations
between the dot and the lead electrons appear. For our con-
sidered spinless system the Kondo temperature can be defined
through the mapping to the generalized Anderson model as
discussed by Kashcheyevs et al. [34,67]. Numerically, the
thermopower is found in an iterative procedure by varying the
voltage until the current vanishes. The governing equations of
the method and the solution procedure of those equations is
presented in Appendix A. In the numerical calculations we use
kgT ~ T and a finite temperature difference AT = Ty — Tx
(about an order of magnitude lower) in order to achieve
convergent and reliable results. Furthermore, we define the
average temperature T = (T;, + TR)/2 as a reference point.
All the calculations in Figs. 4-7 are done using the 2vN
approach. For the noninteracting case U = 0 the 2vN approach
reproduces the exact transmission formalism results [68,69].
We explicitly checked that for present calculations the values
ks AT =V =0.1T" give the linear conductance G and the
linear thermopower S on the scale of Figs. 4-7 within the
2vN approach. Additionally, the value of bandwidth D = 20I"
is chosen large enough that the results in the considered
parameter regime do not depend on D [70].

III. RESULTS

Our main focus is on the zeros of the thermopower S, which
is a rather distinct spectroscopic feature, especially when
there is a sign change of S. To emphasize the parameter values
where the zeros appear we plot the square root of the absolute
value of the thermopower 1/|S] and use a grayscale scheme
where the zero value corresponds to white.

A. Noninteracting case U = 0

We start by discussing the thermopower for the noninter-
acting U = 0 case [61-65]. If the temperature is the lowest
energy scale in the system, i.e., kg7 < I', the zeros of the
thermopower can be obtained directly from the transmission
function by using the Mott approximation [71-74], which
yields the following expression:
dIn7T(E)

7.[2
— ~ ——kgT —— . (19)
So 3 oE E—=0
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Then we see that in this limit the zeros of thermopower
are given by the zeros of the derivative of the transmission,
ie., Sy =0, when g7 (E)|g—9 = 0. Using Eq. (15), this
condition defines the following curves in the (I, AE, V, ) space:

AE
5 =%Vt @y, (20)
AE 1—a2V (206)
2 14a*®
AE
SU—a)=—(+a)V, a\/4Vg2 11— )P
(20¢)

From the above expressions we see that for given detuning
AE between the levels there can be up to five zeros, when
the gate voltage V, is scanned. Three zeros appear once
the distinct peaks, related to the energies of the single
particle levels, become resolvable and this happens when the
separation between the levels is larger than the energy scale
determined by I'. These zero’s curves are given by the two
solutions (20a), and by solution in (20c) with the minus sign
for V, > 0 or the plus sign for V, < 0. An additional two
zeros appear due to destructive interference, and for finite
detuning AE 5 0 this happens only when the couplings to
the levels are asymmetric, a # 1. For symmetric couplings,
a = 1, destructive interference leads to zero thermopower for
AE = 0, but without the sign change, because it is a solution
of double multiplicity. Figure 2 depicts the zeros given by
analytical expressions Egs. (20) by blue dashed curves for
different asymmetries a. These lines can be compared to the
thermopower /|S/So| (in grayscale) where the temperature is
comparable to the coupling I". We see that for larger values
of AE or V, the zeros, corresponding to single particle levels,
for the finite temperature case match Egs. (20), but there are
some discrepancies when AE and V, do not exceed kgT.
For the interference features we see that they are sensitive to
finite temperature, i.e., depending on the coupling asymmetry
they appear for larger values of AE, V, > kgT. Figure 2(e)
shows the calculated data for a fixed AE = —8.5T". For
a = 1/2 (dashed blue curve) we clearly see the five zeros
in thermopower for the finite temperature calculation.

For the case of the same sign tunneling amplitudes from
Egs. (18) and (19) we find that there can be up to three zeros
in the thermopower for 7 — O for given AE:

AE

T = :I:Vg, (213)
AE 1+a?

2T Tima 210

For low energies in the transmission Eq. (18) the destructive
interference corresponds to a zero given by Eq. (21b), i.e., the
gate voltage has to be within the window of energies given by
the detuning, i.e., |V, | < |AE]|. Thisis in contrast to the canyon
of conductance suppression situation, where the destructive
interference appears for |V, | > |A E|. Additionally, the canyon
of conductance suppression exhibits a thermopower zero for
|V,| < |AE| just because there is a minimum of conductance,
and there is no necessity for destructive interference for this
zero to appear. On the other hand, for the same sign amplitudes

045427-3



G. KIRSANSKAS et al.

G/Go

>

S
3

=

©9— !

e
O = ==
~~
L)

ey
RS

5/S

FIG. 2. The thermopower S (left column) and conductance G
(right column) as a function of the detuning AE and gate voltage
V, in the noninteracting case U = 0. The asymmetry values are a =
1, 1/2, 1/4, 0 for (a) to (d), respectively. For the contour plots
the temperature is set to kg7 = 0.5I" and & denotes the sign of
the thermopower for these contour plots. The dashed (blue) curves
depict zeros of thermopower, given by Egs. (20), for the case of a
small temperature I" > kg7 — 0. (e) A cut of the contour plots at
the detuning AE = —8.5T".

the large values of the thermopower close to a zero give a hint
for the presence of the destructive interference (see Fig. 3) [61].

The role of finite temperature can be understood as follows.
In the different limit, when the tunneling coupling is the
smallest energy scale, ie., ' K |E — E|, |E — Ey|, we
obtain the following expression for transmission to lowest
orderin I':

T(E) ~ nT[8(E — E;) +a*8(E — Ey)], (22)

PHYSICAL REVIEW B 94, 045427 (2016)
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FIG. 3. Same as Fig. 2 just for the case where the tunneling
amplitudes have the same sign. The dashed (blue) curves depict zeros
of thermopower, given by Egs. (21).

which is valid for both Eqgs. (15) and (18). Applying Eq. (8b)
yields the condition for zeros of thermopower

x cosh? y 4+ a®y cosh? x = 0,
x = Ei/CkgT), y=Ev/QCksgT). (23)

The above Eq. (23) can have only up to three gate voltage
V, solutions for given AE, i.., the features arising due
to destructive interference for the canyon of conductance
suppression get washed out due to high temperature [as also
seen from Eq. (22)]. Additionally, for symmetric coupling
a = 1, Eq. (23) yields the following condition for resolution
of two levels:

r+1 AE
I r = I
r—1 2kgT

r

(24)
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FIG. 4. The thermopower S and conductance G evolution as
a function of increasing charging energy for symmetric coupling
configuration @ = 1. The charging energy values are U = 0, 5T", 10T"
for (a) to (c), respectively. For the 2vN thermopower calculations we
have set kg AT = 0.1T, kg7 = I' and for conductance calculations
wehaveset kg AT = 0,kgT = I', V = 0.1T". Also a finite bandwidth
D = 20T is used. The dashed (green) lines denote the bare resonances
given by Eq. (25). The dashed (red) lines show a region of
detuning, where the thermopower is not defined because of the zero
conductance.

which has asolution |AE.| =~ 3.09kg T [75]. From Fig. 2(a) we
see that both the temperature 7" and the coupling I" contribute to
the effective broadening and the two levels become resolvable
in the thermopower for AE ~ 2I" + 3kgT in the case of
the canyon of conductance suppression. For the same sign
tunneling amplitudes we obtain that the resolution of the
thermopower zeros around AE = 0 is determined just by the
temperature broadening and not by I [see Fig. 3(a)].

B. Finite U # 0 case

In order to study the impact of the finite interaction U # O,
we first examine a case of equal coupling strengths for the
two levels, i.e., a = 1. The corresponding thermopower and
conductance are shown in Fig. 4. Changing the interaction
strength U causes a minor change in the conductance, while
the changes are more visible in the thermopower. We note
that for U # 0 the 2vN method can give negative diagonal
reduced matrix elements QDL(;' defined in Eq. (A18) and also
the linear conductance G can become negative, which is
unphysical [53]. This is the reason that we do not address the
interference features in the thermopower appearing at large
gate voltages V.

The conductance plots in the right column of Fig. 4 show
that the conductance peaks for large | A E| appear at particular

PHYSICAL REVIEW B 94, 045427 (2016)

resonances, where the quantum dot ground states differing by a
single charge cross in energy. These are the common sequential
tunneling peaks occurring at

U+ |AE]

> )
which are shown by dashed green lines in Fig. 4. For zero
detuning A E these sequential tunneling lines are broken by a
canyon of conductance suppression.

Now we consider the thermopower in the left column
of Fig. 4. Around the sequential tunneling lines there is
an equal amount of electron and hole tunneling for the
given resonance and the average energy of tunneling particles
becomes zero [52]. This provides a zero in the thermopower.
As can be seen for large |A E| there is actually a zero close to
the dashed green lines, as expected. A further zero is occurring
in between (at V, = 0 for the case a = 1 considered here),
where electron and hole tunneling for different resonances
compensate each other.

For the charging energy U < U. =T + 3kgT, smaller
than the effective broadening of the levels, there is a region
of detuning, where the level crossing of empty with singly
occupied and singly with doubly occupied states in the
dot cannot be resolved [see Figs. 4(a) and 4(b)]. For the
corresponding thermopower, there is only one sign shift for
all gate voltages around zero detuning. For larger detunings
AE Z U, — U the levels can be resolved and again three sign
shifts appear in the thermopower: at the two-level crossings
and at the electron-hole symmetry point V, = 0. When the
charging energy becomes larger than the effective broadening
there are always three sign shifts in the thermopower as can be
seen from Fig. 4(c).

The behavior of thermopower and conductance for different
U when the coupling is asymmetric a = 1/2 is shown in
Fig. 5. Here we focus on the thermopower zeros, which appear
for low values of gate voltage and detuning, i.e., we do not
address zeros, which appear due to interference (as discussed
for U = 0 above). The canyon of conductance suppression
is now tilted due to the asymmetric coupling as discussed
already in Ref. [54]. More interestingly, the appearance of the
thermopower zeros is changed quite drastically: for U < U, =
5T, the curve of zero thermopower becomes strongly tilted
around AE = 0. It takes a characteristic S-shaped form around
its center denoted by a box in Figs. 5(a)-5(c). Increasing U
pushes two further thermopower zeros [their onset is denoted
by two asterisks in Figs. 5(b) and 5(c)] towards the central
S-shaped curve. Around critical U, there is a qualitative change
[compare Figs. 5(c) and 5(d)], where the S-shaped curve
merges with the other ones. Finally, for large U [Fig. 5(e)] the
situation resembles the case for symmetric coupling, a = 1,
addressed in Fig. 4(c).

The situation when all the tunneling amplitudes have the
same sign is depicted in Fig. 6. For U > U, we see that
the evolution of zeros is qualitatively the same as in Fig. 5.
However, for the canyon of conductance suppression the zero
lines have a jump around AE =~ 0 [see Figs. 5(d) and 5(e)].
Additionally, for U < U, the S-shaped zero thermopower
curve does not appear for the same sign configuration.

Lastly, in Fig. 7 we present the thermopower behavior
for a system, whose conductance was studied experimentally

V, =+ (25)
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- 0
AE/T

FIG. 5. The thermopower S and conductance G evolution as
a function of increasing charging energy for asymmetric cou-
pling configuration a = 1/2. The charging energy values are U =
0, 2.5T", 5T, 7.5T, 10T for (a) to (e), respectively. Other parameter
values are as in Fig. 4.

in Ref. [53]. These results may be relevant for future
thermoelectric experiments on similar type devices, and shows
the situation when the couplings have more general structure
than Eq. (13). Note that for given parameters in Fig. 7 we have
the level £ more strongly coupled than the level E;, which
is opposite from the cases studied in Figs. 2-5. This results in
a mirrored behavior of thermopower and conductance along
zero detuning AE = 0. Otherwise, the introduced additional
asymmetries in the couplings between the left and the right
lead does not alter the qualitative behavior of the asymmetric
coupling a = 1/2 thermopower seen in Fig. 5.

PHYSICAL REVIEW B 94, 045427 (2016)

0

-3 0
AE/T

FIG. 6. The thermopower S and conductance G evolution as a
function of increasing charging energy for the same sign tunneling
amplitudes Eq. (16) and asymmetric coupling configurationa = 1/2.
The charging energy values are U = 0, 2.5T", 5T", 7.5T",10T" for (a)
to (e), respectively. Other parameter values are as in Fig. 4. The
(red) horseshoe patches denote the region of parameters, where our
numerical procedure for solving the 2vN equations does not converge.

IV. CONCLUSIONS

The canyon of conductance suppression known from
Refs. [53,54] has been further investigated with thermopower
S acting as a probing tool. Zeros of the thermopower are a
telling spectroscopic feature, which for the system studied
in this paper yields information about the level coupling
asymmetry a (compare Fig. 4 vs Fig. 5) and charging
energy U compared to the effective broadening of the levels
given by ~2I" + 3kgT. Additionally, for the noninteracting

045427-6
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|
p2S
U
2

FIG. 7. The thermopower S (first column) calculated for canyon
of conductance G suppression (second column) discussed in
Ref. [53]. The charging energy values are U = 2I" and U = 5T
for (a) and (b), respectively. Note that here the parametrization
Iy = —«/(ﬁto, IR1 = mlo, Ly =1o, IR1r = mlo, with #H =
T /2w vr), for tunneling amplitudes is used. Other parameter values
are as in Fig. 4.

-2

0 0
AE/T AE/T

case it was shown that up to five zeros can be observed
when scanning the gate voltage for given detuning. This
shows that the thermopower measurement could be useful
to resolve features appearing due to destructive interference
[see Fig. 2 and Eq. (20)]. Additionally, by comparing the
same sign tunneling amplitude thermopower [Eq. (13)] to
the canyon of conductance suppression thermopower it was
shown that the canyon of conductance suppression has a unique
signature around zero detuning AE = 0 (compare Fig. 5 vs
Fig. 6).
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APPENDIX A: SECOND-ORDER VON
NEUMANN (2VN) APPROACH

In the 2vN approach [66,76,77] we approximately solve the
equation
iy 0 H Al
ihoop = [H,p] (AD)
by considering the density matrix p elements, which connect
the states differing by up to two electron or hole excitations.
Such a treatment corresponds to the so-called resonant tunnel-
ing approximation in real-time diagrammatic approach [78],
and yields an exact current for noninteracting systems (U = 0
for our considered system) [69]. We note that the 2vN method
equations were originally derived in Ref. [66], and here
we present this derivation for convenience with a slightly
different notation. We write the governing equations in the
many-particle eigenbasis |a),|b), ... of the dot Hamiltonian
Hp (2). Expressed in this many-particle basis the tunneling

PHYSICAL REVIEW B 94, 045427 (2016)

Hamiltonian Hr (6) becomes

Hr =Y (Tya.lb)aley, + He), (A2)
ab,kt
Tyae = Y tie(bldf|a). (A3)

i=1,1

Here we used the letter convention: if more than one state
enters an equation, then the position of the letter in the alphabet
follows the particle number (for example N, = N, + 1,N, =
N, +2,Ny = N,). In such a way the sum ), restricts to
those combinations, where N, = N, + 1. For our considered
system we have four many-particle eigenstates

0), Ey =0,
AE U
|1)=d1T|O), E1=_Vg+7_3’
(A4)
, t AE U
[1) = d|,|0), Elr:—Vg—T—z,
2) =dld]|0), E,=-2V,,
and such many-particle tunneling amplitudes
0 Toe Tove O
T, = Te O 0 T2
T]/O’g 0 0 TI’Z,K
0 Ty, Twe O
0 1, 1y 0
| tie 0 0 tf’[
R ) 0 0 —liﬁ[ (AS)
0 tve —tie O
The density matrix elements are defined as
Phe e = (aglplbg’). (A6)

where |bg) = |b) ® |g), with |b) denoting the eigenstate of
the dot Hamiltonian Hp (2) and |g) denoting the eigenstate of
the lead Hamiltonian Hir (4). Here the label n provides the
number of electron or hole excitations needed to transform |g)
into |g’). For example, we consider the matrix elements of the

type
Phare = (bglplb'g),

1
Phe-c.ag = (b8 — K|plag).

2] , (A7)
'Odg—k—K’,bg = (dg — k=K Iplbg),
pl[azl—/(ﬁc’,b’g = (bg — Kk +«'|plb'g).
Here we have introduced the following notation:
K=kt (A8)
lbg + ) = |b) ® cllg).
lbg — k) = |b) @ c,I8),
(A9)

ldg —k — k') = |d) ® c,.c.|8),
lbg —k + 1) = |b) @ clc,|g).
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By neglecting all the density matrix elements with more than
two electron or hole excitation n > 2 from Eq. (A1) we obtain
the equations

d
: [0] [0] [1] Nq
ihe i v = (Eb = E)Pl g + Toay o Pl s g (= D™

1 Ny
+ They e Py g (— DM

TP CIVAE
— Phgarg (— DN Ty (A10)
Lo = (B Ee— Epl)
+ Tebyi ’OEL—K-Hq,bg(_l)Nbl
+ Tedr it Pt g g (— D
— Pl eergi DY Tep
- pc[‘?—x,angrm (=D Ty, (All)

0
ih—p[z]

~ (2]
91 be—KtKb'g (Ep — Ex + Ev — Ep)Ppgyri g

[1] Na
+ TbalJ(pa]gfl(+/<’+/<,b’g(_1) !

+ Ther P i (= D™

- pi;]ﬂurw,c,gﬂ((— DY Ty

— Phpcirargin (DY Tapr i, (A12)
ih%pclli’]—x—/(/,bg ~(E;—E.—Eo — Eb)’ot[é']—l(—/(’,bg

[1] N,
+ Tdcls'(’oclgfkfkurlc,bg(_l) !

[1] N,
+ TdClsK/lOclgflch’JrK’,bg(_ 1) !

where we introduced the following notation:

PHYSICAL REVIEW B 94, 045427 (2016)

[1] N,
- pdg*K*K/,Clgfl((_l) hTC]b,K

- pz[i;]—K—K’,clg—K/(_ 1)Nb Tclb,K" (A13)

Note that all indices with subscript 1 like a1, c1, x| are summed
over. Additionally, phase factors like (—1)™ appear due to
order exchange of the lead operators with the dot operators,
ie, ¢ (1b) ®1g) = (=D™|b) ® c,g).

Summing Egs. (A10) and (A11) over all the lead states |g)
we get

9
iho D) = (Ep — Ep)®hy + Thay @1 + Tpe, i @

Clb',Kl
—oll T ol T (A14)
bey iy Tk bay i, tarb k1
2o~ (B, — E, — Epol
lECb,KN(C_ K b) ch,x
0 (
+ chl,/( CDI[,I]], K CDEZ]I Tclb,K f—K’
[2] [2]
+ TCle(l q)blb,—K-H(] + TCdl-Kl q)dlb,—/(—/q
2 2
+ O Tope + P o Tupiys (A15)
2 gl ~ (Ep — Ey + Eo — Ep)®?
thar bt > (Ep — Kl—li] w — Ep) b
- Tbal,/((bu]b',,(/fl( + Tbcl,K’cDClb',Kffk’
o T foe O T
bey ' Fab k) —k bayx tarb kS’
(A16)
72 pl2 ~ (Ey — E, — Eo — Ep)®?)
! E db,—k—«' N( d — L =™ L — b) db,—k—«’

! 1
— TdC],K CDE‘IL,K’fK + TdCvi/q)EW]b,K fK,
1 1
- q)ilL'Il,K’ TClb,K f*K + (Dlicll,;( TC]b,K’ffk’-

or _ (0] (r _ (1] Ny [ _ (11 7*
q)bb’ - Zpbg.b’g’ q)cb,/c - chg—/c,bg(_l) ’, cDbc,l( - [q)cb,K] ’
8

8
[2] _ [2]
d)(‘a,—l(—l(/ - Z Peg—i—’ag>
8

fe = fuu = xpl(Ex — no)/ ke T+ D7 foo = 1= fie,

and when going from Eq. (A11) to Eq. (A15) we have used
[2] (0] [2]

pblg—K+K1,bg = ’Oblg—K+K,bg + (1 - 8Kkl)pb1g—;(+/q,bg’

(A17)
[2] [2]
q)bb/,—;(+/(/ =+ Z(] - SKK')'Obg—K-&-K’,b’g’
8
(A18)
pl?fk,clgfkl = plg]ﬂ(,c]gﬂ( + (1 - Skkl)pg]ﬂ(,mgﬂq . (A19)

Here we have also assumed that the electrons in the leads are thermally distributed according to the Fermi-Dirac distribution
f and that this distribution is not affected by the coupling to the quantum dots. This assumption leads to the following relations

for Eq. (A11):

[01 ~ (0] (0] ~ (0]
Z’Oblg*/ﬁ”f,bg -~ f’(cpblb’ Z’OCg—K,Clg—K ~ f—KchC]’
8 8

for Eq. (A12)

(A20)

§ : [1] Noy ~ [1] § : (1] Ny ~ [1]
palg—K+K’+/(,b’g(_1) ' _f’fq)alb’.x” pclg—K+K’—K’,b’g(_1) b f*K'(Dclb/,K’
8

[1] Ny ~ [1]
Zpbg—l(-‘rk’,clg—f((_l) i f*KcDbcl,K”
8

g
(1] Noy o (1]
2 Phscwr e (SO R =L@
g

(A21)
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and for Eq. (A13)

[1] Nep [1] [1] Ney ~ gl
Zp61g7K*K/+K,bg(_1) i _cpclb,/(’fl(’ chlgﬂcfkurk’,bg(_l) ' q)clb,KfK/’
8 8

A22
[ 1 A pll] [ 1Y~ — ol (A22)
Z pdgfkfk’,clgfk( ) ~ dcl,/(’f—’(’ Z pdngfK/,Clng’( ) ~ dcy,k f—K"
g g
For the stationary state we assume the conditions
d d 0 0
: [0] . [1] : [2] : [2]
lhaq)bb’ = O, lh&@cbw = 0, lhE(DbbfquJrk/ = 0, lha@db’ikikf = 0, (A23)
which allow us to write ®2! in terms of ®! as
1 1 1 1
(D[z] _ _Tbal,/c q)Lllb/,,(’fK + Tbcl,K’q:)[cl};/w ffk’ - q)in-]l’,(/ TC]b’,K fflc + CDLa]l,K Talb’,K’fK’
bb',—k+K’ EK _ EK’ _ Eb ¥ Eb’ + in ’
1 1 1 1
q)[z] _ _Tdcl,/(q)lm};,,(/fk + Tdcl,/(’cb[c]};,,(fk’ - CDLL-]]YK/Tclb,Kffk + q’ljcllq,(Tclb,K’ffk’ (A24)
e Ec+ E¢ — Eq+ Ep +i1] '

Here we have added a positive infinitesimal n = 40 to ensure a proper decay of initial conditions. After inserting the above
expressions into Eq. (A15) we obtain the integral equations of the 2vN method for the stationary state

0=—(Ec — Ec+ Ep +im®L)  + Top, i fe ®L — O f Ty

ch,k ccy

[11 (11 [1] [1]
+ Tep, iy [Tblclv’(] f_Kl (Dclb,lc + cDb]al e le Taypsci =Thyar e q)alh,/q - cbb]c] e J—« TClva]
E, —E,(l _Ehl + E, +in

1 1 1 1
TCdl,Kl [leclq/{] le CDE-IL,K + cb[dl]c],;(fflﬂ Tclb,KI _lecl,/c f/c q)E‘]]b,Kl - CDI[Z,I]C]YKI fflc Tclb,/c]
+ ;
E.+E,—Es+Ep+in
T, ol O fe Ty =T ol ol Taerc|T.
[ cd) Kk f—Kl dicy,k + Chl.,(fr(] bici,k1 cbl,KfK bicy,k cd) Kk f—K dlcl,K] c1b,ky
+ ;
E.—E,—E.+E,+in

[1] [1] [1] [1]
+ [TCI’IJ{] fa q)b]a],/c + (bcbl,r(f—'(l Tpyay _TChl«Kqu)b]a],Kl - q)Cbl,K] f_KTblahK]Talb,Kl

; ) (A25a)
E.+E,—E.+E;+in
0 1 1 1 1

0= (Ep — Ex)®}y) + Thar i @y o, + Thersa @y s — Phd o Terier = Pl Tt (A25b)

Additionally, we impose the normalization condition for the diagonal reduced-density matrix elements:
Z o = 1. (A26)

b
The integral equation (A25a) under interest has the structure
(1 — [1]

ol = F, + Z K ®L. (A27)

K1

It is solved iteratively on an equidistant energy grid E; by having N = 2'° discretization points for our considered calculations.

The zeroth iteration of @I% = F, is determined by making a local approximation, i.e., terms of the form @Lla] ., Which have

integrated momentum label «; are neglected. Then the first correction is determined as SCDI[(I!] = >« Kicx, Fi,- The higher

order corrections are given by §®[1} =3, K¢, 3@ | and the solution is expressed as ol = o'l +3°, 605! . We make
iterations up to n = 6, which yields good convergence for most parameter values. In these iterations we need to evaluate a lot

Hilbert transform of the form

H(o{) = -

Fiollo(D — |E,)). (A28)
T

b En—Eo+in 7w
The principal value integrals are efficiently evaluated on equidistant grid with N points using fast Fourier transform, which has
complexity O(N log N) [79,80].

Finally, we are interested in the current going from the lead £ into the quantum dots, which is given by

1 2 olE, 1 b ollgE,
/— /;D EK_ K’

2e 1
IZ(t) = E Xk: Im [Tbc,kl q>£b],kl]7 (A29)

and which shows that @EL] ¢ are the energy resolved current amplitudes.
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APPENDIX B: MAPPING TO GENERALIZED
ANDERSON MODEL

In linear response to applied bias V or temperature
difference AT the Hamiltonian Eq. (1) can be mapped to
generalized Anderson model by mixing the left lead electrons
with the right lead electrons, and the dot orbital 1 with the
orbital 1’. The generalized Anderson model has the form [34]

H = Z Ekc,tgc,w + Z Vs (c,igd(, +H.c.) + Unyny
k,o k,o

h h .
+ Z <8 - 05 cos 9>ng — (dM¢ + dIdT)E sin 6,

(BI)

where n, = c,tacka,o € {1,]} represents a pseudospin, and
h is an effective magnetic field. The Hamiltonian (1) is
expressed in the form of (B1) by performing a singular value
decomposition (SVD) on the tunneling Hamiltonian (6) as

. . d
Hr = Zt[c{k c,Qk]A[d:} +H.c., (B2)

k

_(trr e Lt(Vy O
A_<tR1 tRl’>_Rl<0 v, Ra.

Using the rotations R; and R, the pseudospin operators are
expressed in terms of original basis operators as

CTk CLk dT dl
:R N :R .
]-#la] [6] -]

(B3)

(B4)
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For the tunneling amplitudes of the form Eq. (13) we obtain

1 —a V2 0
A_=1t = Rit Ry _,
(1 a) ! <0 «/§a> &

1 1 1 1 O
Ri=— ("0 "), R = . (85
NZACH ~=\o 1

0_ =m,

which corresponds to parallel field configuration. For the same
sign tunneling amplitudes we obtain

s t(] —a) _ Rjt(w/z(loju a2 0) R,

1 a 0

Rt — 1 +1 +a 0. — 2a
d+ = ﬁ —a 1 s L = —arctan -2 .
(B6)
Lastly, for tunneling amplitudes examined in Fig. 7 we get
—+/0.3 1 1.23 0
.Azlo ~ R;t()( )Rd,
v/0.1 0.4 0 0.54
091 041 —-0.30 0.95
R ~ . Ra ™ . (B7)
—-0.41 091 0.95 0.30
0 ~ 0.61.
In all above cases we have ¢ = —Vg,h = AE/2.
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