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A weak coupling quantum master equation provides reliable steady-state results only in the van Hove limit,
i.e., when the system-lead coupling approaches zero. Recently, J. Thingna et al. [Phys. Rev. E 88, 052127 (2013)]
proposed an alternative approach, based on an analytic continuation of the Redfield solution, to evaluate the
steady-state reduced density matrix up to second order in the system-bath coupling. The approach provides
accurate results for harmonic oscillator and spin-bosonic systems. We apply this approach to study steady-state
fermionic systems and the calculation on an exactly solvable double quantum dot system shows that the method
is rigorously valid up to second order in system-lead coupling only near equilibrium, i.e., linear response regime.
We further compare to the Redfield and the secular Redfield (Lindblad-type) master equations that are inaccurate
in all parameter regimes. Lastly, we consider the nontrivial problem of strong Coulomb interaction and illustrate
the interplay between system-lead coupling, interdot tunneling, and Coulomb strength that can be captured only

via the analytic continuation method.
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I. INTRODUCTION

Quantum dots (QDs), also known as artificial atoms,
are solid-state devices that confine electrons and exhibit
a wide range of interesting phenomena. For example, the
single-impurity or multiple-impurity Anderson models that
map to QD systems have been extensively used to study
Kondo physics [1-3]. Various interference effects such as the
Aharonov-Bohm effect [4-6] and Fano effect [7,8] have also
been observed in QD systems. They also form the building
blocks of devices that exhibit negative differential resistance
[9-11] and enhanced thermoelectric properties [12,13].

The complete description of the QD system is encapsulated
in the reduced density matrix (RDM), i.e., the density matrix
with the lead degrees of freedom traced out. The task of
evaluating the RDM in a nonequilibrium setup is nontrivial due
to the finite dissipative features of the system-lead coupling.
The complexity further increases when the quantum dots are
interacting via a nonlinear interaction like the Coulomb force.
Typically, perturbative approaches on the Coulomb interaction
based on Keldysh formulation [14] are used to tackle weak
Coulomb interactions. Path integral [15] based approaches
can handle strong interactions, but are extremely complex and
become numerically cumbersome with a large system Hilbert
space. Other techniques such as the renormalization group
methods [16] evaluate only the important diagrams for strong
Coulomb interactions and hence do not treat the Coulomb
interaction exactly. Out of these numerous methods proposed,
it turns out that the quantum master equation (QME) approach
is the most suitable and efficient method to handle strong
nonlinear interactions in QD systems.

A number of keystone QMEs have been formulated with the
Nakajima-Zwanzig master equation [17,18] being the formally
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exact integrodifferential equation governing the evolution of
the RDM. Despite its exactness, the equation is impossible
to solve for general systems and hence a common simplifi-
cation is to perturbatively expand the dissipative kernel. One
example of such perturbative master equations is the Redfield
master equation [19] (RME). The RME is a master equation
formulated to incorporate the effects of weak system-lead
coupling and could lead to unphysical negative populations
[20,21]. In order to avoid this drawback, one generally invokes
a further secular approximation [22] that leads to a completely
positive master equation of the Lindblad type [23,24]. One of
the key obstacles with such perturbative QMEs is that they
can accurately describe the steady-state RDM only when the
system-lead coupling approaches zero [25]. Hence in order
to study finite coupling effects in the steady state, Thingna
et al. proposed a method based on analytic continuation
(AC) to capture effects at the second order in system-lead
coupling. The approach was shown to be analytically valid
for general system Hamiltonians in equilibrium [26] and
numerically tested for harmonic and spin-bosonic systems
in nonequilibrium [27,28]. One of the key achievements of
this approach is that it does not require the higher-order
dissipative tensors [28—-30] to obtain the enhanced accuracy
and is computationally less cumbersome than the Redfield
equation.

In this work, our first objective is to extend the analytic
continuation technique to fermionic systems that possess a
unique steady state [31,32] and test its validity. In order to
achieve this objective, we numerically corroborate the AC
technique with the nonequilibrium Green’s function (NEGF)
approach [33] for the exactly solvable spinless double quantum
dot system. The AC approach provides an analytically exact
solution, up to second order in the system-lead coupling, in
equilibrium, and in nonequilibrium the AC is numerically
exact up to second order in the linear response regime. Despite
its validity in the linear response regime, we show that the AC
method surpasses the accuracy obtained by the Redfield master
equation (RME) and the secular Redfield master equation
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FIG. 1. A schematic illustration of a double quantum dot model.
Dot 1 is coupled to the left lead with temperature 7 and chemical
potential 1; and dot 2 is connected to the right lead. Electrons can hop
between the two quantum dots with an interdot tunneling strength ¢
and there could be a presence of a nonlinear repulsive Coulomb
interaction denoted by U.

(sRME). Our next objective is to study the effect of finite
system-lead interaction for nonlinearly interacting systems
near equilibrium. We achieve this by introducing a Coulomb
interaction and show that the interplay between system-lead
coupling, interdot tunneling, and Coulomb repulsion could
lead to an enhancement or suppression of dot populations that
cannot be captured by the standard weak-coupling quantum
master equations.

This paper is organized as follows. In Sec. II, we present a
double quantum dot (DQD) model and discuss the motivation
for the choice of the observable. In Sec. I11, the basic formalism
of the analytic continuation technique for fermionic systems
is outlined. In Sec. IV, the Coulomb interaction is introduced
for spinless quantum dots and we study the interplay between
the system-lead coupling, interdot tunneling, and the Coulomb
repulsion strength.

II. NONEQUILIBRIUM DOUBLE QUANTUM DOTS

The total Hamiltonian for an open quantum system includ-
ing the system of interest, leads, and system-lead coupling has
the following generic form:

Htot = HS + HB +V, (1)

where Hs, Hg, and V describe the system, lead, and system-
lead interaction Hamiltonians, respectively. In this work, we
focus on the spinless double quantum dot system whose
Hamiltonian reads

Hs = 1A, + &2ty — t(ddy + dld)) + Uiz, (2)

with the two dots labeled by subscript 1 and 2 with energies &,
and &, and number operators 71} = dfdl and 7, = dgdz. The
interdot tunneling strength and Coulomb interaction strengths
are represented by ¢ and U, respectively, as illustrated in Fig. 1.
We consider the leads to be infinite collections of free fermions
with the Hamiltonian given by

Hg = Z EkChCk, 3
ke(L,R)

where ¢; denotes the dispersion relation for the leads.
The system-lead coupling term is

V= Z deICk + Z kad;[Ck' + H.c., @
kel k'eR
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with v denoting the tunneling coefficients. In our nonequilib-
rium setup, the system and leads are coupled in such a way that
dot 1 is coupled with the left lead and dot 2 is coupled with the
right. The above system-lead coupling can be cast into a more
general form given by

V=Y S$®B Q)

where o denotes the type of the system operators and o
denotes the position of the lead, e.g., o =L symbolizes
the lead positioned at the left. In order to obtain the tensor
product structure we perform a Jordan-Wigner transformation
to the total Hamiltonian Hy [Eq. (1)]. In the special case
of the DQD model, the Jordan-Wigner transformation gives
the transformed total Hamiltonian to be as the same form
as Eq. (1) except that the fermions are separately defined on
system and leads. In other words, the transformed Hamiltonian
is the same as the original with the fermionic nature ignored
in the system-lead coupling [34]. Thus for the DQD model the
system operators S¢ take the form

S =dy St =d],
Sy =dy St =4dj. ©)

The corresponding lead operators are given by

Bl = wcl BZ=) vic. 7

keo keo

The tunneling coefficients v can be characterized by the
spectral density

To(e) =27 ) |vel*8(e — &) ®)

keo

that describes the properties of the lead. Throughout this work
we will consider the spectral density to be a Lorentzian [35],

AT,
1+ (e/ep)*’

where e, is the cutoff energy and AT, is the overall effective
system-lead coupling for the lead at position o. In order to
simplify our equations we will set /» and k as 1. The dynamics
of this model is studied via the numerically exact hierarchy
equation of motion approach [36] and pronounced effects of
the interdot tunneling strength are observed.

When the temperature or the chemical potential of the
two leads are different the DQD system Hs will be in
nonequilibrium. In this situation, one of the most commonly
observed quantities is the particle or heat current. The currents
at the lowest order in the system-lead coupling depend only
on the off-diagonal elements of the eigenbasis RDM (see
Appendix A). In the case of perturbative master equations,
since the steady-state off-diagonal elements are correct up
to second order in system-lead coupling, the analytic con-
tinuation technique provides no added advantage. In other
words, the currents evaluated via the analytic continuation
and the Redfield equation would yield the same result for the
lowest order of the currents. Thus, in order to explore the finite
coupling effects related to both the diagonal and off-diagonal
elements of the eigenbasis RDM, we constraint ourselves to

I (e) (€))
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the local populations of the dots,

= Trs[p], (10

where p represents the reduced density operator.

The local population can be easily measured with various
approaches such as quantum point contacts [37-39] or quan-
tum process tomography [40]. Thus we restrict our discussion
from hereon to the dot population in order to study the
interplay between system-lead coupling, interdot tunneling,
and Coulomb interaction.

III. ANALYTIC CONTINUATION OF MASTER EQUATION
FOR FERMIONIC SYSTEMS

The solution of a microscopic second-order perturbative
quantum master equation is exact [25] only in the limit when
the system-lead coupling A> — 0. In other words, even though
the solution contains all orders of A> the correctness can be
guaranteed only up to the zeroth-order coefficients. Thus, to
obtain any higher-order effects, one needs to rely on the non-
trivial higher-order quantum master equations [28]. In order to
circumvent this obstacle, the analytic continuation technique
was introduced that obtains the second-order populations from
the second-order coherences [26]. We briefly outline the crux
of the method in this section tailored to the DQD system.

We begin with the standard Redfield master equation
expressed in the eigenbasis of the system Hamiltonian
[19,22,41]:

d

L = —i B + Z (RiJ, + Lil)piy, (1)
with |n) being the eigenstates of the system Hamiltonian,
i.e., Hs|n) = E,|n), and A,,, = E, — E,, denotes the energy
spacing between energy levels E, and E,,. Above the second-
order relaxation four tensor only for the left lead is given by

2
ci =3 [s“ Sh (Wl + Wby — 8, > sashwe
l

ni 2 jm \ W ni mj nl
a, =1
—aanS SlmW,j“*], (12)
with
W,.j'f’ =ft dre M=t — 7). (13)
—00

Above C*?(¢) = (B*(t)B?(0)) is the lead correlation function
with B(t) = ¢/ Be~'H5! being the freely evolving lead
operator. The lead correlators, when the leads consist of infinite
number of free fermions, can be analytically evaluated for the
Lorentz-Drude spectral density [Eq. (9)] as shown in Ref. [42].

Above, since the four tensor only pertains to the left lead,
all the operators S* and W*# contain information about the dot
1 (dot connected to the left lead) and the left lead, respectively.
Therefore the elements represented in Eq. (12) would have
a complete representation Sf; = (S}),;; and W“ﬂ =w )i
Since we assume that the left and right leads are uncorrelated,

the right lead four tensor Ri{m will have a similar form with
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5% replaced by the dot 2 operators [Eq. (6)] and W replaced
by the right lead information. To avoid the added notational
complexity due to the two leads, the implicit summation over
the leads will be presumed.

If there are no invariant subspaces, the steady-state condi-
tion dp/dt = 0 will ensure that the system has a unique steady
state. Thus the equation governing the zeroth-order steady-
state solution obtained in the van Hove limit (A> — 0) reads

> [W"‘ﬂ’s;'; SP — 5, Z Wi se Sll:| p? =0,
o, B,i
0 _

'Onm_ ’

(n#m), (14)

where W,,ﬁ = W,?,,/f/ +1i W,m/f” The above equation has the
same form as the Pauli master equation [43] or the Davies form
[44] in the steady state. Following Ref. [27] an order-by-order
method allows us to extract the second-order off-diagonal
elements of the eigenbasis RDM as

@ _

S Sﬁ Ba 0 L yybar )
_him
Pnm = Z th Prmm + Wm Ionn)

@, lBl l’lﬂl
— (Wl + W) o] (£ m). (15)

The second-order diagonal elements of the eigenbasis
RDM require the fourth-order relaxation tensor [26], but
in the analytic continuation method we try to obtain these
elements via the second-order off-diagonal elements described
inEq. (15). We achieve this by treating p{2) as a function of A,
and treat A,,,, to be infinitesimally small such p2) — p@. This
limiting value obtained via analytic continuation is given by

9o®
2 Z B /3" () Bar (0 Bar 0P
pfln) Sfltl SH‘L[ a pll ‘/H‘La ’Olgln)) Wll‘la aEn'n }
o, B,i n

(16)

The term 9p'?) /3 E,, can be determined via Eq. (14) by taking
partial derivatives with respect to E,, on both sides. The result
takes the form

8:0(0) er B.i#n Sflll Slfj‘l (Vaﬂ/pt(zo) + Vzgwpis(l)z))

nn

8En B Za,ﬁriyén Wﬁa/Sa Sﬁ

mn nt—in

a7

The elements Vnm = 8W,f‘£/ 0A,, and the prime and
double-prime super-scripts describe the real and imaginary
parts respectively. A foundational assumption is made such
that p© depends only on E,. Normalizing the RDM one
obtains the final form of the second-order diagonal elements
of the eigenbasis RDM as

3p©
2 Z B (yeB O _ yeBr apr
pr(m) = Sflll Szn[ ni Pii Vin Ior(m)) + vvin aEnn
o, B,i n

0) B otﬂ// 8,0-((-))
pnn ZSlijl Ji OE; N (18)
a,B,i !

Thus Egs. (14), (15), and (18) are collectively termed as the
modified Redfield solution (MRS) and allow us to evaluate
the RDM up to order A2, i.e., pmrs = p© + 1%p?, without
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the contamination of higher-order inaccuracy that is difficult
to characterize and predict.

In the same spirit that we obtained the second-order off-
diagonal elements from the RME, we extract the incorrect
diagonal second-order elements o® by solving

i iy, @ i iy @
SR+ Lo = =3 (RE + Li)p. (19)
l W
Above pi(?) is the second-order off-diagonal elements obtained

via Eq. (15). The set of equations above to determine o are
underdetermined and additionally require the normalization
condition Tr[p®] = 0. Clearly, a direct analytic comparison
between the MRS p® and RME o® becomes impossible due
to the complex structure of Eq. (19).

In equilibrium, the RDM for fermionic systems takes the
generalized grand canonical form

TrB [efﬂ(Hmt*Hﬁmt)]

eq _
Tr[e_ﬂ(Hmt_Mﬁm()] ’

(20)
The analytic continuation result exactly matches the above
equilibrium RDM up to second order in system-lead coupling.
The proof follows exactly from the bosonic case [26], since the
number operator 71, commutes with the system-lead coupling
V. In nonequilibrium, since there is no analytic form of the
RDM, it is impossible to obtain a proof of validity of the MRS.
Till this date, the MRS in nonequilibrium has been verified
for a quantum harmonic oscillator [26,27] and a spin-boson
system [28].

Next, we test the accuracy of the RDM obtained via
the MRS and the Redfield master equation [Eq. (11)] for a
noninteracting DQD model with the exact results available via
nonequilibrium Green’s function approach [33]. This can be
done by defining the error E and the exactness parameter £ as

- PNEGF — PX
o= Ty
,0(0)
—_ ij (2) 24 @)

where X denotes the type of QME we want to test and the
density matrix p is defined in the eigenbasis. Above Ap™
denotes the difference between pI(\?]%GF — pg ) at the order n.
The exactness parameter defined above is valid for any finite
value of I'r /g and since we take the limit A2 0 (making the
effective coupling A’I'; g — 0) the results for exactness are

independent of the value of I'y jr. If px is accurate up to second

order, A,oi(;)) = Api(?) =0 and E o A%. Thus the quantity &
that is obtained from E in the limit A> — 0 would be an
appropriate measure to test the second-order accuracy of the
quantum master equation.

Figure 2 depicts £ as a function of the temperature [panel
(a)] and chemical potential difference [panel (b)]. When Au
and AT equals zero we find that the function £ for the MRS
(solid lines) equals zero, i.e., the MRS is exact up to second
order in system-lead coupling in equilibrium. For any finite
values of the affinities the dependence of £ is nonmonotonic,
but in the linear response regime (near equilibrium) & ap-
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FIG. 2. The exactness & for the modified Redfield solution (solid
line) and standard Redfield solution (dashed line). The off-diagonal
elements &;; = 0 Vi # j and hence we look at the diagonal elements,
i.e., & (blue), & (red), &35 (black), and &44 (green). The insets show
the zoom in plot only for the MRS. In (a), the chemical potential
difference A = 0 and the average temperature 7 = 0.5, whereas in
panel (b) AT = Oand p = 0.5. The left lead temperature or chemical
potential is ¥ =Y (1 4+ AY) [Y = u,T] and the right lead has
temperature or chemical potential Yg = Y(1 — AY) [Y = u,T]. The
system parameters are & = 0.2,&, = 0.4,ep =1, = l,and U = 0.
The system-lead couplings are symmetrized such that I'y g = 1.

proaches zero. This clearly indicates that the MRS is strictly
valid only in the linear response regime. On the other hand, the
Redfield master equation (dashed lines) provides inaccurate
results everywhere including the equilibrium. It is important
to note here that the deviations observed are due solely to the
inaccurate second-order diagonal elements and not ,0(0), since
that would lead to a diverging &. Thus, despite its inexactness
the MRS provides a crucial improvement over the standard
Redfield master equation to obtain accurate solutions. The
secular Redfield equation (Lindblad-type) generates £ that is
the same as the Redfield (due to the negligible coherences for
the chosen set of parameters) and hence not shown in Fig. 2.

IV. EFFECT OF COULOMB INTERACTION

As shown in the previous section, the MRS provides an
accurate description of the reduced density matrix of the sys-
tem capturing finite dissipative effects. Next, we investigate the
effect of nonlinear interactions by introducing a finite Coulomb
interaction U [see Eq. (2)]. Therefore, in this section, we will
investigate the interplay between the Coulomb interaction,
interdot tunneling strength, and finite system-lead coupling.

Figure 3 shows the color map of the local populations
[Eq. (10)] for weak (left column) and strong (right column)
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t=0.01 t=20.9

10 0.0578 0.2342
8 0.0493 0.2311
i 0.0409 0.2279
5 0.0324 0.2247
0 0.0239 0.2216
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FIG. 3. Color map of local population N; with varying Coulomb
interaction U and A? for the modified Redfield solution, the Redfield
solution and secular Redfield solution. The population N, (not shown)
shows trends similar to N;. Temperature difference AT is set as
0.01 and the chemical potential difference Ap is set as 0.1. The dot
energies €, = &, = 1. The cutoff energy ¢p = 1 and the system-lead
couplings I' g = 1.

interdot tunneling strengths. In the weak interdot tunneling
regime (Kondo impurity), the steady-state local population on
each dot is low, due to the negligible exchange. In this regime,
the MRS shows an increase in the local dot population as
a function of the system-lead coupling strength. The RME
captures this trend but the increase in the local population
is smaller and faster as compared to the MRS, whereas the
sRME (see Appendix B), due to the omission of the fast
rotating terms, completely fails to capture this behavior and
remains constant with system-lead coupling.

Since the interdot tunneling strength between the dots
is weak the dominant effect comes from the system-lead
coupling. The lead can enhance or diminish the single and
double occupation probabilities of the system. The rates at
which the leads enhance these probabilities depend on the
transition rates Eq. (13). The enhancement rates are always
larger than the diminishing rates. Thus, as the system-lead
coupling increases the local populations (N} as shown in Fig. 3
and N, not shown) of both the dots increase. The same behavior
is observed also within the exact NEGF approach (zero
Coulomb interaction case U = 0). On the other hand, the local
population is almost invariant with the Coulomb interaction
U for all the three solutions. The invariance is mainly due to
the presence of a small local population that effectively makes
the repulsive Coulomb interaction negligible.

When the interdot tunneling strength becomes comparable
to the onsite energies the local population on each dot is
higher as compared to the weak exchange regime. In this
case, the Coulomb strength plays a significant role as seen
from the right column of Fig. 3. The sSRME resembles exactly
the same trends as for the weak exchange coupling scenario and
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remains invariant with a change in the system-lead coupling.
The local population within the RME framework increases as
a function of the system-lead coupling at low U and shows a
nonmonotonic behavior for intermediate U. At large repulsive
strengths U, the RME also shows an increasing trend of the
local population with the system-lead coupling strength. On
the other hand, the MRS reveals a definite transition between
an increasing local population at low Coulomb strengths U
to a strictly decreasing local population at high strengths U.
This feature is not captured by the weak-coupling theories
(sRME or RME) and shows a unique interplay between finite
dissipation and repulsive Coulomb strength.

At low Coulomb interaction strengths U, the interdot
tunneling strength dominates and enhances the single oc-
cupation probability that contributes positively to the local
population (see the color scale at low U in Fig. 3). In this
regime, as the system-lead coupling increases the leads overall
increase the local dot populations similar to the weak exchange
coupling case. Thus, at low Coulomb strengths, we observe
that the local population increases with the system-lead
coupling strength. The repulsive Coulomb interaction forbids
the double occupation of the dots. Hence at large repulsive
strengths the lead can no longer enhance the double occupation
probability, losing an important channel for increasing the
local population. However, the reverse channel to diminish
the double occupancy is still active. Thus, as the system-lead
interaction increases the reverse channel becomes appreciable
causing an overall decrease in the local population. Naturally,
this effect cannot be captured by the weak-coupling theories
since they do not fully account for the finiteness of the system-
lead coupling, which is the major channel of diminishing the
double occupation.

N,
0.2604 0.2459
0.2568 0.2411
0.2531 0.2362
0.2494 0.2314
0.2457 - 0.2266
0.1 02 03
0.2406 0.2334
0.2379 0.2304
0.2352 0.2273
0.2325 0.2243
0.2298 0.2212
0.2362 0.2345
0.2332 0.2313
0.2303 0.2281
0.2273 0.2249
0.2244 0.2217

0.1 02 03

FIG. 4. Color map of the local populations N; and N, with
varying Coulomb interaction U and A? for the modified Redfield
solution. The parameter r induces an asymmetry with respect to
the system-lead coupling with r = I'r/I'L. 'L, = 1 and the interdot
tunneling parameter r = 0.9 and all other parameters are same as
Fig. 3.
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To further strengthen our understanding, we consider the
DQD system to be asymmetrically coupled to the two leads
by setting a ratio r = I'r/ I'L. In Fig. 4, we consider the case
when the interdot tunneling strength ¢t = 0.9. If the system is
weakly coupled to the right lead r = 0.1, we obstruct the right
channel that eliminates the double occupancy. Thus the local
population N; only increases as a function of the system-lead
coupling for all values of the Coulomb strength. Due to the
weakening of the right-lead coupling, the enhancement for the
single occupation of dot 2 is also weakened. This combined
with the fact that the left lead strongly reduces the double
occupancy causes the overall local population N, to reduce
as a function of the system-lead coupling. It is important to
note here that in the symmetric case N, resembled N; because
the above processes due to the asymmetry were not present.
Clearly, as we increase r the system smoothly transits to the
fully symmetric case, wherein the local population increase as
a function of system-lead coupling for small U and vice versa
at large U.

V. CONCLUSION

In this paper, we extended the analytic continuation
technique to the double quantum dot fermionic system. The
accuracy of this approach was discussed by corroborating with
the nonequilibrium Green’s function technique. The modified
Redfield solution (MRS) obtained via the analytic continuation
method was numerically exact up to second order in the
linear response regime. Far from linear response, the accuracy
surpassed standard techniques like the Redfield or the secular-
Redfield approach. Notably, the secular approximation, that is
employed in several studies, failed to vary with the system-lead
coupling strength wiping out all the finite coupling effects.

Due to the accurate description provided by the MRS for ex-
actly solvable DQD system, we included the nonlinear effects
of Coulomb interaction. Using the MRS we investigated the
interplay between the Coulomb interaction, interdot tunneling
strength, and system-lead coupling strength. The local popula-
tion evaluated via the MRS revealed a complex behavior of in-
creasing (decreasing) as a function of the system-lead coupling
for weak (strong) Coulomb interactions. This switching behav-
ior for weak and strong Coulomb interaction only occurred for
strong exchange interaction between the dots and could be well
explained by carefully studying the effect of the three dominant
interactions on the single and double occupancy. Interestingly,
the symmetric and asymmetric systems showed contrasting
behaviors for the populations of the two dots elucidating the
possible role of symmetry in the DQD system.

Overall, the MRS provided a stable tool in the linear
response regime to study the effects of finite system-lead cou-
pling strength in many body strongly correlated systems. This
opens a whole new arena wherein one moves away from weak-
coupling theories and explores the finite dissipation effects
with the same ease as that of the weak-coupling approaches.
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APPENDIX A: CURRENT AS AN OBSERVABLE

In this appendix, we show that the particle current flowing
through the DQD system is a local observable that depends
on the system only. Moreover, such local current is only
dependent on the off-diagonal elements (coherence) of the
RDM. This result can be generalized to multiple sequential
quantum dots with the dot number greater than two.

For the DQD model, the local particle number current /; is
defined by

Iy = (ild|dy, Hs)) = it(dydy — d{dy).  (Al)

The current that flows from the left lead [45] can be defined

via
dN; B
L = d_tL = i<|:Zc,Lck,Htot:|>

kel
= I<Z v,fcidl — Z vkd;rck>. (A2)
keL kel

In steady state, there is no net change of the population on dot
1, hence

dN,

dr
=L +1IL=0. (A3)
As aresult I} = —I.. Similarly, we can obtain the relation for
dot 2 that I, = —Ir. Thus the local particle current is indeed

the current that flows through the system and is given by
— I =1 = it{dld, — d]d)
= itTr[o"(dld) — didy)]

= 2itIm(o};), (A4)
where of is the RDM in the Fock basis with the basis order
in the |00), |10), |01), and |11) with O and 1 representing the
empty and occupied states respectively. Therefore a globally
defined particle current can be reduced to local current for a
DQD model.

The transformation matrix A from the Fock basis to the
energy eigenbasis is given by

1 0 0 0
A= 0 Axp Axs O
0 Ay Az O
0 0 0 1

Thus the off-diagonal element of the RDM in the Fock basis
035 can be rewritten in the eigenbasis and the particle current
can be expressed as

Iy = 2itIm(A2 023 A33 + A2z p32A3). (AS)

Above since the diagonal elements of the RDM in the
eigenbasis are real they do not contribute to the current since
the local operator itself is imaginary. As a consequence, if
sRME is used, since the steady-state off-diagonal elements are
zero, there will always be a zero local current.
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FINITE COUPLING EFFECTS IN DOUBLE QUANTUM ...

APPENDIX B: SECULAR REDFIELD
MASTER EQUATION

The Lindblad form has been extensively used to study
nonequilibrium fermionic systems. Here we derive the secular
Redfield master equation and show that it has a Linblad form,
preserving the positivity of the populations.

In order to apply the secular approximation, we first
transform the reduced density matrix in the interaction picture

or a rotating frame [41] as
Pum = Ppe” (B1)

The corresponding transformed Redfield master equation
Eq. (11) reads

lerILm i
o~ Rt

iJj

ﬁlj )pl] _Z(Aij_Anm)t' (B2)
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The secular approximation assumes that the terms proportional
to exp [—i(A;; — A,p)t] when A, # A;; average to 0 and
hence the terms with A;; = A, survive. Transforming back
to the Schrodinger picture, the equation decouples into the
diagonal and off-diagonal parts:

d nn ii ii
IO - Z Rnn + [’ :Orm’ (B3)

dpnm
dt

In steady state, Eq (B4) simply implies p,,, = 0. Thus the
above form of the secular Redfield in the steady state is
analytically equivalent to the equation governing the zeroth-
order steady-state solution Eq. (14). Interestingly, the same
form of the secular Redfield can be obtained even in the limit
that the interdot coupling ¢ approaches zero.

= _iAnmpnm + (Rzm ﬁnm)pnm’ (}’l 7é m) (B4)

[1] M. Pustilnik and L. Glazman, J. Phys.: Condens. Matter 16,
R513 (2004)

[2] S. M. Cronenwett, T. H. Oosterkamp, and L. P. Kouwenhoven,
Science 281, 540 (1998)

[3] T. Kubo, Y. Tokura, and S. Tarucha, Phys. Rev. B 77, 041305
(2008).

[4] R. Schuster, E. Buks, M. Heiblum, D. Mahalu, and H. Shtrikman,
Nature (London) 385, 417 (1997).

[5] A. Yacoby, M. Heiblum, D. Mahalu, and H. Shtrikman, Phys.
Rev. Lett. 74, 4047 (1995).

[6] A. W. Holleitner, C. R. Decker, H. Qin, K. Eberl, and R. H.
Blick, Phys. Rev. Lett. 87, 256802 (2001).

[7] K. Kobayashi, H. Aikawa, S. Katsumoto, and Y. Iye, Phys. Rev.
Lett. 88, 256806 (2002).

[8] H. Lu, R. Lii, and B.-f. Zhu, Phys. Rev. B 71, 235320 (2005).

[9] J. N. Pedersen, B. Lassen, A. Wacker, and M. H. Hettler, Phys.
Rev. B 75, 235314 (2007).

[10] P. Trocha, I. Weymann, and J. Barnas, Phys. Rev. B 80, 165333
(2009).

[11] B. Wunsch, M. Braun, J. Konig, and D. Pfannkuche, Phys.
Rev. B 72, 205319 (2005).

[12] Q. Wang, H. Xie, Y.-H. Nie, and W. Ren, Phys. Rev. B 87,
075102 (2013).

[13] M. A. Sierra, M. Saiz-Bretin, F. Dominguez-Adame, and D.
Sanchez, Phys. Rev. B 93, 235452 (2016).

[14] B. Doyon, Phys. Rev. Lett. 99, 076806 (2007).

[15] D. Segal, A. J. Millis, and D. R. Reichman, Phys. Chem. Chem.
Phys. 13, 14378 (2011).

[16] C. Karrasch, S. Andergassen, M. Pletyukhov, D. Schuricht, L.
Borda, V. Meden, and H. Schoeller, Europhys. Lett. 90, 30003
(2010).

[17] S. Nakajima, Prog. Theor. Phys. 20, 948 (1958).

[18] R. Zwanzig, J. Chem. Phys. 33, 1338 (1960).

[19] A. G. Redfield, IBM J. Res. Dev. 1, 19 (1957).

[20] D. Egorova, M. Thoss, W. Domcke, and H. Wang, J. Chem.
Phys. 119, 2761 (2003).

[21] M. Kulkarni, K. L. Tiwari, and D. Segal, New J. Phys. 15,
013014 (2013).

[22] H.-P. Breuer and F. Petruccione, The Theory of Open Quantum
Systems (Oxford University Press, 2007).

[23] G. Lindblad, Commun. Math. Phys. 48, 119 (1976).

[24] V. Gorini, A. Kossakowski, and E. C. G. Sudarshan, J. Math.
Phys. 17, 821 (1976).

[25] C. H. Fleming and N. I. Cummings, Phys. Rev. E 83, 031117
(2011).

[26] J. Thingna, J.-S. Wang, and P. Hanggi, J. Chem. Phys. 136,
194110 (2012).

[27] J. Thingna, J.-S. Wang, and P. Hanggi, Phys. Rev. E 88, 052127

(2013).

[28] J. Thingna, H. Zhou, and J.-S. Wang, J. Chem. Phys. 141, 194101
(2014).

[29] S. Jang, J. Cao, and R. J. Silbey, J. Chem. Phys. 116, 2705
(2002).

[30] S. Koller, M. Grifoni, M. Leijnse, and M. R. Wegewijs, Phys.
Rev. B 82, 235307 (2010).

[31] B. Buca and T. Prosen, New J. Phys. 14, 073007 (2012).

[32] J. Thingna, D. Manzano, and J. Cao, Sci. Rep. 6, 28027 (2016).

[33] A. Dhar, K. Saito, and P. Hanggi, Phys. Rev. E 85, 011126
(2012).

[34] G. Schaller, Open Quantum Systems Far from Equilibrium
(Springer, Heidelberg, 2014).

[35] N. S. Wingreen and Y. Meir, Phys. Rev. B 49, 11040 (1994).

[36] R. Hartle and A. J. Millis, Phys. Rev. B 90, 245426 (2014).

[37] T. Fujisawa, T. Hayashi, and S. Sasaki, Rep. Prog. Phys. 69, 759
(2006).

[38] K. Wang, C. Payette, Y. Dovzhenko, P. W. Deelman, and J. R.
Petta, Phys. Rev. Lett. 111, 046801 (2013).

[39] M. G. House, E. Peretz, J. G. Keizer, S. J. Hile, and M. Y.
Simmons, Appl. Phys. Lett. 104, 113111 (2014).

[40] J. Yuen-Zhou, J. J. Kirch, M. Mohseni, and A. Aspuru-Guzik,
Proc. Natl. Acad. Sci. USA 108, 17615 (2011).

[41] K. Blum, Density Matrix Theory and Applications (Springer
Berlin Heidelberg, 2012).

[42] H. Zhou, J. Thingna, J.-S. Wang, and B. Li, Phys. Rev. B 91,
045410 (2015).

[43] W. Pauli, In Festschrift zum 60. Geburtstag A. Sommerfeld
(Hirzel, Leipzig, 1928).

[44] E. B. Davies, Math. Ann. 219, 147 (1976).

[45] J. Thingna, J. L. Garcia-Palacios, and J.-S. Wang, Phys. Rev. B
85, 195452 (2012).

035428-7


https://doi.org/10.1088/0953-8984/16/16/R01
https://doi.org/10.1088/0953-8984/16/16/R01
https://doi.org/10.1088/0953-8984/16/16/R01
https://doi.org/10.1088/0953-8984/16/16/R01
https://doi.org/10.1126/science.281.5376.540
https://doi.org/10.1126/science.281.5376.540
https://doi.org/10.1126/science.281.5376.540
https://doi.org/10.1126/science.281.5376.540
https://doi.org/10.1103/PhysRevB.77.041305
https://doi.org/10.1103/PhysRevB.77.041305
https://doi.org/10.1103/PhysRevB.77.041305
https://doi.org/10.1103/PhysRevB.77.041305
https://doi.org/10.1038/385417a0
https://doi.org/10.1038/385417a0
https://doi.org/10.1038/385417a0
https://doi.org/10.1038/385417a0
https://doi.org/10.1103/PhysRevLett.74.4047
https://doi.org/10.1103/PhysRevLett.74.4047
https://doi.org/10.1103/PhysRevLett.74.4047
https://doi.org/10.1103/PhysRevLett.74.4047
https://doi.org/10.1103/PhysRevLett.87.256802
https://doi.org/10.1103/PhysRevLett.87.256802
https://doi.org/10.1103/PhysRevLett.87.256802
https://doi.org/10.1103/PhysRevLett.87.256802
https://doi.org/10.1103/PhysRevLett.88.256806
https://doi.org/10.1103/PhysRevLett.88.256806
https://doi.org/10.1103/PhysRevLett.88.256806
https://doi.org/10.1103/PhysRevLett.88.256806
https://doi.org/10.1103/PhysRevB.71.235320
https://doi.org/10.1103/PhysRevB.71.235320
https://doi.org/10.1103/PhysRevB.71.235320
https://doi.org/10.1103/PhysRevB.71.235320
https://doi.org/10.1103/PhysRevB.75.235314
https://doi.org/10.1103/PhysRevB.75.235314
https://doi.org/10.1103/PhysRevB.75.235314
https://doi.org/10.1103/PhysRevB.75.235314
https://doi.org/10.1103/PhysRevB.80.165333
https://doi.org/10.1103/PhysRevB.80.165333
https://doi.org/10.1103/PhysRevB.80.165333
https://doi.org/10.1103/PhysRevB.80.165333
https://doi.org/10.1103/PhysRevB.72.205319
https://doi.org/10.1103/PhysRevB.72.205319
https://doi.org/10.1103/PhysRevB.72.205319
https://doi.org/10.1103/PhysRevB.72.205319
https://doi.org/10.1103/PhysRevB.87.075102
https://doi.org/10.1103/PhysRevB.87.075102
https://doi.org/10.1103/PhysRevB.87.075102
https://doi.org/10.1103/PhysRevB.87.075102
https://doi.org/10.1103/PhysRevB.93.235452
https://doi.org/10.1103/PhysRevB.93.235452
https://doi.org/10.1103/PhysRevB.93.235452
https://doi.org/10.1103/PhysRevB.93.235452
https://doi.org/10.1103/PhysRevLett.99.076806
https://doi.org/10.1103/PhysRevLett.99.076806
https://doi.org/10.1103/PhysRevLett.99.076806
https://doi.org/10.1103/PhysRevLett.99.076806
https://doi.org/10.1039/c1cp20702d
https://doi.org/10.1039/c1cp20702d
https://doi.org/10.1039/c1cp20702d
https://doi.org/10.1039/c1cp20702d
https://doi.org/10.1209/0295-5075/90/30003
https://doi.org/10.1209/0295-5075/90/30003
https://doi.org/10.1209/0295-5075/90/30003
https://doi.org/10.1209/0295-5075/90/30003
https://doi.org/10.1143/PTP.20.948
https://doi.org/10.1143/PTP.20.948
https://doi.org/10.1143/PTP.20.948
https://doi.org/10.1143/PTP.20.948
https://doi.org/10.1063/1.1731409
https://doi.org/10.1063/1.1731409
https://doi.org/10.1063/1.1731409
https://doi.org/10.1063/1.1731409
https://doi.org/10.1147/rd.11.0019
https://doi.org/10.1147/rd.11.0019
https://doi.org/10.1147/rd.11.0019
https://doi.org/10.1147/rd.11.0019
https://doi.org/10.1063/1.1587121
https://doi.org/10.1063/1.1587121
https://doi.org/10.1063/1.1587121
https://doi.org/10.1063/1.1587121
https://doi.org/10.1088/1367-2630/15/1/013014
https://doi.org/10.1088/1367-2630/15/1/013014
https://doi.org/10.1088/1367-2630/15/1/013014
https://doi.org/10.1088/1367-2630/15/1/013014
https://doi.org/10.1007/BF01608499
https://doi.org/10.1007/BF01608499
https://doi.org/10.1007/BF01608499
https://doi.org/10.1007/BF01608499
https://doi.org/10.1063/1.522979
https://doi.org/10.1063/1.522979
https://doi.org/10.1063/1.522979
https://doi.org/10.1063/1.522979
https://doi.org/10.1103/PhysRevE.83.031117
https://doi.org/10.1103/PhysRevE.83.031117
https://doi.org/10.1103/PhysRevE.83.031117
https://doi.org/10.1103/PhysRevE.83.031117
https://doi.org/10.1063/1.4718706
https://doi.org/10.1063/1.4718706
https://doi.org/10.1063/1.4718706
https://doi.org/10.1063/1.4718706
https://doi.org/10.1103/PhysRevE.88.052127
https://doi.org/10.1103/PhysRevE.88.052127
https://doi.org/10.1103/PhysRevE.88.052127
https://doi.org/10.1103/PhysRevE.88.052127
https://doi.org/10.1063/1.4901274
https://doi.org/10.1063/1.4901274
https://doi.org/10.1063/1.4901274
https://doi.org/10.1063/1.4901274
https://doi.org/10.1063/1.1445105
https://doi.org/10.1063/1.1445105
https://doi.org/10.1063/1.1445105
https://doi.org/10.1063/1.1445105
https://doi.org/10.1103/PhysRevB.82.235307
https://doi.org/10.1103/PhysRevB.82.235307
https://doi.org/10.1103/PhysRevB.82.235307
https://doi.org/10.1103/PhysRevB.82.235307
https://doi.org/10.1088/1367-2630/14/7/073007
https://doi.org/10.1088/1367-2630/14/7/073007
https://doi.org/10.1088/1367-2630/14/7/073007
https://doi.org/10.1088/1367-2630/14/7/073007
https://doi.org/10.1038/srep28027
https://doi.org/10.1038/srep28027
https://doi.org/10.1038/srep28027
https://doi.org/10.1038/srep28027
https://doi.org/10.1103/PhysRevE.85.011126
https://doi.org/10.1103/PhysRevE.85.011126
https://doi.org/10.1103/PhysRevE.85.011126
https://doi.org/10.1103/PhysRevE.85.011126
https://doi.org/10.1103/PhysRevB.49.11040
https://doi.org/10.1103/PhysRevB.49.11040
https://doi.org/10.1103/PhysRevB.49.11040
https://doi.org/10.1103/PhysRevB.49.11040
https://doi.org/10.1103/PhysRevB.90.245426
https://doi.org/10.1103/PhysRevB.90.245426
https://doi.org/10.1103/PhysRevB.90.245426
https://doi.org/10.1103/PhysRevB.90.245426
https://doi.org/10.1088/0034-4885/69/3/R05
https://doi.org/10.1088/0034-4885/69/3/R05
https://doi.org/10.1088/0034-4885/69/3/R05
https://doi.org/10.1088/0034-4885/69/3/R05
https://doi.org/10.1103/PhysRevLett.111.046801
https://doi.org/10.1103/PhysRevLett.111.046801
https://doi.org/10.1103/PhysRevLett.111.046801
https://doi.org/10.1103/PhysRevLett.111.046801
https://doi.org/10.1063/1.4869032
https://doi.org/10.1063/1.4869032
https://doi.org/10.1063/1.4869032
https://doi.org/10.1063/1.4869032
https://doi.org/10.1073/pnas.1110642108
https://doi.org/10.1073/pnas.1110642108
https://doi.org/10.1073/pnas.1110642108
https://doi.org/10.1073/pnas.1110642108
https://doi.org/10.1103/PhysRevB.91.045410
https://doi.org/10.1103/PhysRevB.91.045410
https://doi.org/10.1103/PhysRevB.91.045410
https://doi.org/10.1103/PhysRevB.91.045410
https://doi.org/10.1007/BF01351898
https://doi.org/10.1007/BF01351898
https://doi.org/10.1007/BF01351898
https://doi.org/10.1007/BF01351898
https://doi.org/10.1103/PhysRevB.85.195452
https://doi.org/10.1103/PhysRevB.85.195452
https://doi.org/10.1103/PhysRevB.85.195452
https://doi.org/10.1103/PhysRevB.85.195452



