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The consistency with Onsager’s theorem is examined for commonly used perturbative approaches, such as the
Redfield and second-order von Neumann master equations, for thermoelectric transport through nanostructures.
We study a double quantum dot, which requires coherences between states for a correct description, and we find
that these perturbative approaches violate Onsager’s theorem. We show that the deviations from the theorem scale
with the lead-coupling strength in an order beyond the one considered systematically in the respective approach.

DOI: 10.1103/PhysRevB.94.165435

I. INTRODUCTION

Understanding transport in nanoscale systems is cru-
cial for applications ranging from nanoscale electronics to
high-efficiency thermoelectric devices [1]. With experimental
progress over the last decade, more and more theoretical
suggestions become realizable in practice [2]. Moreover,
transport in nanostructures provides an ideal stage for the study
of the fundamental physics of open quantum systems far from
equilibrium. For device design and optimization, as well as
for the study of fundamental questions, a reliable theory for
charge and energy transport in nanostructures is essential.

One such theory is the master-equation (ME) approach.
Formally, MEs rely on a perturbative expansion in the coupling
strength between a quantum system and its environment, e.g.,
connected leads. It has been shown for noninteracting systems
that even such an approximate treatment can give charge
currents that agree with an exact calculation [3,4]. However,
the predictions for energy transport have not been examined
as much, although this is also important for applications.

The Wangsness-Bloch-Redfield (WBR) equation [5-9] is a
frequently used variant of the ME. It has long been known
that, without a rotating-wave approximation, this equation
is not of Lindblad form [10] and does not conserve the
positivity of the reduced density matrix [11]. In some cases
this can lead to unphysical behavior, such as large negative
currents [12]. A rotating-wave approximation corresponds
to neglecting all off-diagonal elements [11], which suggests
that the behavior of the WBR equation very much depends
on the treatment of coherences. More recently, Hussein
and Kohler [13] found that a full WBR equation including
coherences predicts charge currents that are not consistent
with the exchange fluctuation theorems [14]. In this paper,
we examine the influence of coherences on the energy current
predicted by such approaches. A special focus is on whether the
currents satisfy certain Onsager relations [15,16]. As a direct
consequence of Onsager’s theorem from 1931, such relations
between linear response functions have been a cornerstone
of nonequilibrium thermodynamics for decades. We solve the
MEs numerically and, for the noninteracting limit, compare
analytical results to the exact transmission formalism [17-19].

The paper is organized as follows. In Sec. II the model for
the spin-polarized two-level quantum dot and the considered
Onsager relations are introduced. Numerical results for the
violation of Onsager’s theorem using various approximate
master-equation approaches are presented in Sec. III. An
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analytical examination of the violation in the noninteracting
case U =0 is given in Sec. IV and the scaling behavior
of the violation with the coupling strength I' is discussed
in Sec. V. Concluding remarks are given in Sec. VI. We
present more explicit equations for the Redfield, first-order
von Neumann (1vN), and Pauli master-equation approaches,
and briefly discuss the second-order von Neumann approach
(2vN) in Appendixes A—C. Furthermore, we provide a short
derivation of the currents for the noninteracting case of U = 0,
using both the transmission-function formalism (Appendix D)
and first-order master equations (Appendix E). Throughout the
paper our units are such that h = e = kg = 1.

II. MODEL

We consider the example of a fully spin-polarized, serial
double-dot structure coupled symmetrically to source (L) and
drain (R) leads, as shown in Fig. 1. The Hamiltonian is [20-23]
H = Hyo + Hicags + thb9 where

Huy = Vo(d/d, +d!d,) — Qd}d, +dld,)

+Udd dld,, (1a)

Hleads = Z Eek CZkCUc’ (lb)
Lk

Hyy = Y t(dfc;, +dicg) +He. (lc)

k

Here, ceTk creates an electron with quantum numbers k

in the lead ¢ € {L,R} and dj creates an electron in the
dot i € {l,r}. The coupling between the left dot (/) and
the right dot (r) is given by the hybridization €2, while
the level positions are controlled by the gate voltage V,.
Additionally, there is a charging energy U when both dots
are occupied. The energy dispersion in the leads is given by
E ;. and the electrons can tunnel between dots and leads with
a tunneling amplitude ¢. The latter is expressed in terms of the
tunneling rate I' =27 Y, 1* §(E — Ey), which is assumed
to be independent of the energy E (wideband limit). We
also assume that the leads are thermalized according to a
Fermi-Dirac occupation function f,(E) = [eF—r/Te 4 1!
with different temperatures 77,z and chemical potentials 1t; /g
for the two leads.

In the presence of a bias V = u; — ug or a temperature
difference between the leads, AT = T; — Ty, particle and
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FIG. 1. Spin-polarized double-dot structure. The energy of the
dot states is shifted by a gate voltage V,. Both dots are coupled to
each other (£2) and to one lead each (I"). The two leads are described as
electron reservoirs at distinct temperatures 7, and chemical potentials
e, where € € {L,R}. A difference in either of the two parameters
between the two leads can result in the flow of particle and energy
currents, I, and E,, respectively. An interaction energy U can be
present for the double-occupied state (not shown).

energy currents flow. The currents are defined as

d
Te(t) = == (Ne) = —i{[H, Ne), (2a)

. d
Evt) = = (He) = —i{LH, Hc]), (2b)

where N, = Y, ¢l ¢, and H, =Y, E,, c},.c,.. Throughout
this paper we consider the stationary state, where particle
and energy conservation require I, = —Ig and E; = —Eg,
respectively. In practice, we use the currents emanating from
the left lead, I = I; and E=E L. In linear response to an
applied bias V and a temperature difference AT, these currents
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can be expressed as

()= ©)arr)

Todetermine L; ~ TI/AT and L} ~ ~ E/V inlinear response,
we calculate the particle current for wup = ugr =0 and
Tyjr =T &= AT /2using AT = 0.01 T. The energy current is
determined for upp ==+V/2 and T =Ty using V =
0.017. Onsager’s theorem predicts that the off-diagonal
coefficients Ly = T(31/0AT)a7—o and L} = (QE/3V)y—o
are equal, i.e., that

3

AEL/I — L1=0. (€]

Note that for our choices of p; and wg, the energy and the
heat current are identical within linear response. This can be
seen by expanding the heat current in powers of AT and Apu,
where the only contribution to L} of order unity is due to the
energy current (see Appendix A).

III. NUMERICAL RESULTS

In this work, we evaluate the coefficients L} and L,
using the Pauli, Redfield, first-order von Neumann (1vN), and
second-order von Neumann (2vN) MEs. All the mentioned
first-order approaches can be derived from the Wangsness-
Bloch-Redfield (WBR) equation [5-8,24]. Projecting this
equation onto dot eigenstates gives equations for the elements
of the reduced density matrix. The Redfield approach uses
the resulting equations for all diagonal elements (populations)
and those off diagonals (coherences) that link states with
equal charge. All other off diagonals decay rapidly due
to superselection rules [25]. One can derive a similar set

Redfield 10 1vN No P 2vN
8 8 0.02
6 6 &~
S 0.00
4 4 4 ~
2 2 2 -0.02
9% 10l =5 o0 5 w0l =5 o 35 1020 10
10 - 10 - - 10 ' 10
Ao = 7. 110~ Apax = 1.3x10~ Apax = 9. 1x10~ A = 1. 4x10™
8 8 8 8 0.5
]
e 6 6 6 6 2
S 00 <«
4 4 4 4 >
4
2 ' 2 2 2 -03
9% 10200 =5 0 5 10 210 10 20 =5 0 5 10 0
Vg/T V,/T V,/T v,/T

FIG. 2. Off-diagonal Onsager coefficient L, (top row) and the deviation from Onsager’s theorem, A =

L} — L, (bottomrow), as functions of

the charging energy U and the gate voltage V, = V, + U/2, calculated using the indicated approaches. The maximum deviation A, uncovers
significant violations of the Onsager relation (4) for the first-order Redfield and 1vN approaches. Neglecting the principal-value integrals (“No
‘P”) or including second-order contributions (“2vN”) significantly reduces the violation. In all calculations we set I' = 2Q = T/2.
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of equations using a different Markov approximation, the
so-called first-order von Neumann (1vN) approach [26]. In
both approaches, we can obtain negative diagonal elements,
a known problem of WBR-type equations [11]. Another
common feature of both approaches is the appearance of
principal-value integrals over the lead states, which are often
neglected [12,13,27]. For our system, doing so yields the same
steady-state currents in both Redfield and 1vN approaches,
referred to as “No P.” Neglecting the off-diagonal elements
of the reduced density matrix reduces both approaches to the
Pauli ME.

The 1vN equations can also be derived in a hierarchical
approach where all processes corresponding to single-electron
or single-hole excitations in the leads are taken into account.
Similarly, the 2vN approach includes all processes of up to two
electron and hole excitations. This extension captures level
broadening as well as coherent effects and cotunneling [28].

Figure 2 compares the results of the different approaches.
The calculated values for L, agree fairly well for all ap-
proaches shown. The 2vN results are slightly more smeared out
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due to the inclusion of level broadening, which is an effect of
second order in I". The first-order Redfield and 1vN approaches
exhibit significant violations of the Onsager relation (4), where
the deviations A reach 22% and 40% of the maximum of
Ly, respectively. Neglecting the principal-value integrals in
either of the two approaches (No P) reduces the violation to
3%. The 2vN approach satisfies the Onsager relation for the
noninteracting system U = 0 but moderate violations, up to
5%, arise for U > 0. All results are antisymmetric with respect
to the line V, = —U /2 due to electron-hole symmetry. Results
for the Pauli ME are not shown since Eq. (4) is satisfied exactly
for this approach. For a quantitative comparison of the different
approaches, we plot the peak values L peax = maxy, |L1(Vy)
and Ape,x = maxy, |A(V,)| in Fig. 3.

Column (a), which is based on the data displayed in Fig. 2,
shows the dependence on U. In this figure, we also show the
predictions of the Pauli ME, which satisfy Onsager’s theorem
but yield completely different values for the coefficients L
and L compared to the other approaches, as discussed further
below.
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FIG. 3. Dependence of the peak values Ll,peakvLﬁ,peak of the Onsager coefficients and their difference Apeq on U (left column) and €2 (right
column) upon varying the gate voltage V, for given parameters 7', 2, U. For increasing U, the deviation A, saturates in all approaches.
Increasing 2 leads to saturated A, for Redfield and 1vN approaches and decaying Apcqx for the 2vN and “No P” approaches.
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We see that the Redfield and 1vN approaches give similar
results for L; but very different behaviors of L}. As aresult, the
two approaches do not predict the same difference Apeax. We
also note that the predictions of these two approaches are very
different from those of the other ones. For all methods, Apeax
remains finite and saturates for large U. Column (b) of Fig. 3
shows the dependence of A, on the dot hybridization €2 for
U = 5T. Again, the Redfield and 1vN approaches essentially
differ in L’ and show a strong violation of the Onsager relation
for all values of €2. The coefficients L and L) drop to zero for
vanishing €2, i.e., for decoupled dots, in all approaches except
for the Pauli ME. This is a general failure of the Pauli ME
if the level spacing 22 becomes smaller than I' (see also the
discussion in Ref. [12] and references therein). For large €2,
the Pauli ME agrees with the first-order approaches only if the
principal-value parts are neglected.

IV. ANALYTICAL RESULTSFORU =0

In order to gain more insight, we consider the noninteracting
case, U = 0, where exact results for the currents can be
obtained using the transmission formalism [17-19,29]. A
straightforward calculation in Appendix D gives

r
Ir = e Re[b(W_ — W ) = b*(Wry — Wiy, (52)
Er = I Re[b(V, — Q —iT/2)(W,_ — Wg_)

4

=b* (Vg + Q —il/2)(Wry — Wiy, (5b)

where b = (i + y)/(1 + y?), y =T'/(2Q), and
1 pue— (Vo £Q— iF/2)>

Wy ==
= (2 + 27i T,

with the digamma function W(z). This gives the off-diagonal
Onsager coefficients

6)

r V,—Q—il)2
Lir=L,;=—Re|bV¥ £
LT =57 = e[ - T
V, +Q—il)2
_b*\y/ 8 , 7
+ 2miT } ™

where W/ is the derivative of the digamma function in
Eq.(6)atT, = Tg = T and u; = g = w. Thus, the Onsager
relation (4) is satisfied exactly. The exact results for U = 0
allow for a comparison to the analytical expressions obtained
in the ME approaches (see Appendix E).

The 2vN approach gives the exact stationary current
for noninteracting systems. This was shown analytically in
Ref. [3] and explains the vanishing of A calculated within the
2vN approach for U = 0, as seen in Fig. 2.

The Pauli ME gives the steady-state currents

r
I = Z(8+ +g-), (8a)
. r
Ep = Z[(Vg +Q)g + (Vg — Q)g_1, (8b)

where g+ = f1.(V, £ Q) — fr(V, £ Q). Clearly, the two cur-
rents satisfy Eq. (4). However, for vanishing coupling between
the dots, 2 — 0, the currents stay finite. As noted, this is

PHYSICAL REVIEW B 94, 165435 (2016)

unphysical and thus contradicts the exact result, Egs. (5), where
I,E — 0[30].
Both the Redfield and 1vN approaches give

r
Rea = P Re[b(Yp— — Yr-) = b*(Wry —Yrp)],  (9a)

. r
ERea = v Re[b(Vy — Q@ —il'/2) (Y- — Yr-)

—b* (Vo +Q— il /2)(Yry — Yr)], (9b)

where ¥, is the expression Wy from Eq. (6) with I' = 0.
This is the only difference to the exact transmission result (5).
This yields
2
—b*yl). (10
— v). (10)

Here, ¥\ = W'(1/2 — (V, £ Q)/27i T) is the derivative of
the digamma function. The main finding is that the violation
of the Onsager relation is proportional to I'> and thus goes
beyond the terms of first order in I" that are fully taken into
account in the Redfield and 1vN approaches. Indeed, the terms
—il'/2 in Eq. (9b) provide higher-order terms in I', and the
finite value of Agreq can be traced back to precisely these
terms [31]. This also suggests that the energy current is more
problematic than the particle current in these approaches.
Finally, the “No P” variant gives

ARed = L} geg — L1,Rea = — Re(by”

r
Iop = gy 58 + 8 (11a)
. I ~ ~
Exor = 35 l(Ve + D + (Ve = D1 (11b)

where © = Q(1 + y?). In the limit @ > T, i.e., y — 0, this
agrees with the result (8) of the Pauli ME. In the opposite case
Q «T,ie., y — oo, the currents drop as expected, curing
the failure of the Pauli approach. It is worth noting that the
energy carried by the two resonances at V, & € is shifted to
V, £ €. This shift results in a difference between L Nop and
L1 No P>

LiNnop = — 16TQ(f+ f., 12

where f| = f'(V, & Q)is the derivative of the Fermi function
for ug =0 and T, = T. This is of third order in I', an
improvement in comparison to Ageg.

oy
Anop = Ll,NoP -

V. SCALING WITHT

The analytical results for U = 0 of the previous section
show that deviations from the Onsager relation are of order
I"? for the Redfield and 1vN approaches and of order I'’ if the
principal-value integrals are neglected. Numerical solutions
for the various ME approaches, which exhibit the dependence
on I'/T, are shown in Fig. 4. For U = 0, column (a), the
numerical solutions of the Redfield, 1vN, and No P methods
fully agree with the analytical results of Eqgs. (10) and (12).
Redfield and 1vN provide identical results and Ageq scales
as I'? for small I". The 2vN approach satisfies the Onsager
relation, as the currents agree with the exact result, while Ay, p
scales as I'?. For an interacting system with U = 5 T, column

165435-4
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(a) U=0T
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FIG. 4. T" dependence of the peak values L peaks L] peqs

and Ape for U = 0 (left column) and U = 5T (right column) for 2Q = T'/2.

The Pauli ME (not shown) gives L; = L} o I with L; and L} having the same slope as in all other approaches at I' = 0. For the Redfield and
1vN approaches the scaling of Apeax/ L1 peax is of order I' and for “No P and 2vN approaches the scaling is of order I'2. However, for U = 0
Onsager’s theorem is satisfied in the 2vN approach as the conductances agree with the exact transmission formalism, Eq. (7).

(b), the deviations A scale with small I" as for U = 0. Here,
the 2vN approach is no longer exact and violates the Onsager
relation but the order of deviation A,y scales as I3, i.e., these
are terms of higher order than the second-order perturbation
expansion in the coupling.

Finally, we zoom into the region of small I'/T in Fig. 4
to demonstrate the scaling behavior of Apeq /L1 peax more
clearly. A double logarithmic plot of this region is presented
in Fig. 5. We see that for the Redfield and 1vN approaches the
scaling follows Apeax/L1 peak ~ I'' while for the “No P” and
2vN approaches we observe Apeak/ L1 peak ~ I’ 2 Since L peak
scales with I', the resulting dependence of the violation of
Onsager’s theorem, Apeq, is I'? and I'?, respectively.

VI. CONCLUSIONS

In conclusion, we have shown that MEs that take into
account coherences generically fail to satisfy Onsager’s
theorem. For small coupling to the leads, the deviations

scale as a power of I' that is higher than the order of
perturbation theory in the respective approach. In first-order
approaches, such as Redfield and 1vN, the deviations scale as
I'2. For thermoelectric systems, this restricts the applicability
of popular first-order approaches to the weak-coupling limit
I' K T, even if the particle currents frequently exhibit good
results up to moderate couplings. For our model, the violation
of Onsager’s theorem is pushed to a higher order in I" if the
occurring principal-value integrals are neglected. It should be
noted that they are required to catch essential physics such
as level energy renormalization in some systems [26,32-35],
meaning an ad hoc neglect is not always justified. For the
2vN approach, the deviation is of order I'* and provides
an extended range of applicability. Our results show that
ME:s formally contradict a well-established theory for systems
out of equilibrium. However, the scaling behavior of the
resulting deviations suggests that such approaches can still
be confidently used to calculate transport for sufficiently weak
coupling.

165435-5



SEJA, KIRSANSKAS, TIMM, AND WACKER

1Og(Apeak/Ll7 peak)
|
N

*
3’ :
%’ === Redfield
. o
-3} «%s* — - 1vN
e _®
,;/ = No?P
*e

e == 2VN

s -1 05 0.0

FIG. 5. Dependence of Apea/Lipeac on I' shown in a double
logarithmic plot. The figure corresponds to Fig. 4(b) zoomed into
the region of small I'/T'. The values of parameters are U = 5T and
2Q=T)2.
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APPENDIX A: REDFIELD AND “NO P” APPROACHES

We obtain the Redfield approach by projecting the
Wangsness-Bloch-Redfield (WBR) [5-8] equation for the
reduced density operator p(¢) of the dot,

,0(6) = —i[ Hao. ()] — f 47 16 [ Hign,
0

[e_iHOTthbeiHor,,O(t) ® p(l)?]], (Al)

given here with all operators in the Schrodinger picture, onto
the dot many-particle eigenstates |b),|d’). In terms of these
states, the dot Hamiltonian reads as Hgo = ), Ep|b)(b].
Furthermore, Hy = Hyy + Hicads, tre denotes the trace over
the degrees of freedom of the environment, i.e., the leads,
and p% is a density operator describing the leads in possibly
separate thermal equilibrium. The hybridization Hamiltonian,
expressed in the basis of these states, becomes

thb = Z(IM djcék + H.c.)
ikt

= " (T Ib)aley + Hee),
ab,kt

(A2)

with T = Y 1;¢(b|d]|a) and T!, = T,* [36]. The reduced
density matrix has to satisfy d, 0 = O for a steady-state solution.
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Explicitly, this gives the equations
0= ppw(Ep — Ep)

¢ — V4 4%
+ E pbb”|:§ Chraab Tyra = § :F .o Lepr :|
e a c
Z ¢ e+ 2 : 4 =
+ E pb”b'|: Lic.ctr Leyr — Fb”’“bﬂlb”a}
b c a

+ Z Paa’ Fga,a’b’[llf’;* - ]b[;r]

aa't
+ Z Pec’ Fic,c’b’[lfb_* - Ice’;/]’ (A3)
cc'l
which we combine with the normalization condition
Y ow=1 (A4)
b
In Eq. (A3), the tunneling-rate matrix is defined as
paar = 21Ty Ty, (A5)
and we use
D
dE f(£E)
onify =P [ IS —inp (200 - fe),
-p E-§,
(A6)
Slfa = Ep, — Eq — e, (A7)
f(E) = (explE/T]+ 1)\ (A8)

We have replaced k sums using the approximation of a flat
density of states, i.e., Zk — Vg f_DD dE. Here, vr denotes the
density of states at the Fermi energy and 2D is the symmetric
bandwidth of the leads. We assume D to be the largest
energy scale in our system and take the limit D — oo. In this
wideband limit the results become independent of bandwidth.
Lastly, we have assumed lead-electron dispersions of the form
Eo = Ey + g, with E;, € [—D, D], leading to Eq. (A6).

The particle and energy currents, as defined in Egs. (2a)
and (2b) in the main text, have the explicit forms

I, =2Im [Z PovThe o L5 — Z ,occhf,b!bCIf;:| (A9)
cbb’ bec!

and

E@ =2Im |:Z ,obbefC‘cb/(D + Ecbrlf;;)
cbb’

- Z pCC’Ff’b,bc (D + EC’be/;):|

bec’

=2Im |:Z Pb'b Fgc,ch’ Ecb’ If;
cbb’

(A10)

- Z Iocc’rf/b,bc Ec’b If/h:| P

bec!

where E., = E. — Ej. The terms proportional to the band-
width D cancel since for every term ppp['pe oy, the sum

165435-6
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also contains its complex conjugate, and the sum of the two
vanishes when taking the imaginary part.

In principle, we have to compare the charge current to
the heat current instead of the energy current E, in order
to check the validity of Onsager’s theorem. The heat current
is

Q¢ = —0,(Hy — uN;g) = —i([H,H; — g Ne))

— ¢ ¢ gt
=2Im |:§ Ty ke Ly
cbb’

14 L yl—
- § Pcc’ Fc’b,bcgc’blc’b :| ’

bec!

(Al1)

and has the energies E., replaced by Efb =E; — (g in
comparison to Eq. (A10). However, within linear response
around pu = 0, the term proportional to pu;,r = £V /2 is of
second order in the applied bias V and thus irrelevant. Thus it
is sufficient to calculate the energy current and compare it to
the charge current.

Finally, the “No P’ approach corresponds to neglecting the
principal-value integral in Eq. (A6).

APPENDIX B: FIRST-ORDER AND SECOND-ORDER VON
NEUMANN APPROACHES

The usual derivation of (A1) (see, e.g., Refs. [9,11]), uses a
Markov approximation to obtain a time-local equation. More
precisely, this approximation is done for the reduced density
matrix expressed in the interaction picture, i.e., p1(t") ~ p1(t)
with the local time 7. A different possible choice, p(t') &~ p(t),
leads to the first-order von Neumann (1vN) approach. In op-
erator form, this Schrodinger-picture Markov approximation
leads to the equation

0,0(t) = —il Haors p(1)] — f dv tr
0

% [ Higo.e 707 [ Hygo, (1) ® pf]e! 7). (B1)
By projecting Eq. (B1) onto dot eigenstates we obtain

0= pw(Ep — Ep)

14 l— 4 4+
+ Y oo [Z Coar Ity =Y Theenls ]
a c

bt
¢ 0+ 4 £—x
+ Y oy [Z Chcarlis = 2 Chaar Iya }
b'e c a
J4 L% £+
+ E Paa’ Fba,a’b’[lb’a - Iba’]
aa't

+ Z Pec’ Fic,c’b’[lﬁz* - Ifl;]

cc'l

(B2)

Just as in the Redfield case, we solve Eq. (B1) under the
constraint Eq. (A4). The definitions of I', I, and f are the
same as in Eqs. (A6)—(A8). As a result of the different Markov
approximation, both the equation of motion and the currents
are different. The explicit expressions for the particle and
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energy currents read as

cbb’' bec!

I, =2Im [Z pooThe 1 = pCC/Ff,b,bCIf,;], (B3)

E,=2Im [Z PosThe ey Ean L = Y pec Ff/bybcEcbe,;],
cbb’' bec!

(B4)

where bandwidth-dependent terms cancel by the same sym-
metry as in Eq. (A10). The same remark about the heat and
energy currents as in the Redfield approach applies to the 1vN
approach.

Comparison to the Redfield equation shows that the main
difference between the two approaches is the energy assigned
to processes involving coherences. As an example, consider
the contribution of a single nondiagonal element pp,,b" # b
to the energy current. In the Redfield approach Eq. (A10)
contains

D
dE f(+E)
PosTpe.c Eevr Loyt = 0o The ey Ecv [7’ / =
p E—E,

~inf (e o0 - lesl) | ®9)

In the 1vN approach, we instead obtain

D dE f(+£E)

Py Eevly = pobTpe e Eco [7’ / =
» E—&,

—mﬁiaww—kgﬂ (B6)

which has all occurrences of the energy E., in Eq. (BS)
replaced by E,. A similar difference is found in the con-
tributions of coherences to the equations of motion, Eqgs. (A3)
and (B2). Note that Eqs. (B2)—(B4) were originally derived in a
framework that focuses on the number of excitations involved,
in contrast to the perturbative derivation of the WBR equation.
For a concise derivation, see the Supplemental Material of
Ref. [12].

The 1vN approach can be extended to the 2vN approach. A
detailed derivation of this approach can be found in Ref. [28]
and a description of the numerical procedure used to solve the
resulting equations is given in Appendix A of Ref. [37]. The
source and drain leads are assumed to have a bandwidth of
2D with Ey = E; € [—D, D] and a constant density of states
vp within this energy range. The chemical potentials are set
to ur g = £V /2 for the energy current, and p, = O for the
charge current. In the present work, we set the bandwidth to
2D =80T and use a lead-electron energy grid of N =213
points.
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APPENDIX C: PAULI MASTER EQUATION

The Pauli master equation can be obtained from both the
Redfield and 1vN approaches by neglecting all coherences
ovy» b # b'. By doing so, we obtain

alPh = Z [Parﬁ—ﬂ;f("_ p}l;a) - PbF[l;—mf( - p}l;a)]

al
+ Y [P, f(= 1Y) = Pl £+ Ph)]
cl

(CDH

for the probabilities P, = p;, of dot many-particle states. In
this case, Fﬁab = Fﬁb‘ba =TIt = Ffa’ab. In the steady state,

b—a

we again set d; P, = 0 and solve the resulting equations under
the constraint Eq. (A4). The steady-state currents then read as

Ie =Y [PoTh  f(+ph) — P, (= ph)]. (€2
bc

Ey =Y [PT}  Eqf(+pl) — PTLEaf(— ply)]
be

(C3)

APPENDIX D: TRANSMISSION-FUNCTION FORMALISM

Here we present the main steps that lead to Eqs. (5a)
and (5b) in the main text. The transmission-function formal-
ism [29,38,39] gives

1 D
I = o / dET(E)fL(E) — fr(E)], (D1)
T J-p

.1 [P
E= o / dE T(E)E[fL(E) — fr(E)]  (D2)
T J-D

for the currents. We evaluate these integrals in the wideband
limit D — oo. For the double-dot structure described in the
main text, the transmission function reads as

r/2 r/2 2
E—E_+il'/2 E-E.+il)2|’
where Ei =V, & Q. This transmission function can be
rewritten as

(D3)

T(E) = ’

b b*
T(E) = - + -
E—E_+4+il')2 E—-E_—il')2
b* b
- . - —, (D4
E—E,.+il/2 E—E,—il)2
where
i+y r
= —, = —. D5
1+ "7 29 (D5)

For D > I" and D > Ei — uy, the integrals in Eq. (D1) can
be expressed in terms of the digamma function W [40] using

/D dE f(E/T,) D o

. ~ Wy —In —i-,
DE—(Ei—/,L[)-i-lF/Z 27TT[ 2
(D6)
where
1 we—EL+il'/2
Vy,=¥( -+ —7-—"-—"—). D7
0+ <2+ 27T, (D7)
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For the energy-current integrals in Eq. (D2), we use

dE -
p  E—(Ex—p)+il'/2

/D (E+ uo) f(E/TY)

%D+(Ei—ir‘/2)<\llgi—ln —iz). (DS)

2 T( 2

From the transmission function, Eq. (D4), and the identities
Egs. (D6)—(DS8), we get the particle and energy currents given
by Egs. (5) in the main text.

APPENDIX E: DETAILED CALCULATION FOR
THE REDFIELD AND 1vN APPROACHES

In this Appendix we present more detailed calculations
for the double-dot structure using the Redfield and 1vN
approaches. The dot Hamiltonian Hgyo, Eq. (12) in the main
text, has four many-particle eigenstates,

|0), Ep =0, (E)
) =dl0y, E =V,-Q, (E2)
11y =d}10), Ey=V,+Q, (E3)
12) =d|dl|0), E;=2V,+U, (E4)

where

d\_ 1 (d+d Es
b=slim) e

The matrices of the many-particle tunneling amplitudes are, in
this basis,

0 +1 +1 0
T = — : (E6)

(E7)

There are six nonvanishing elements of the reduced density
matrix p, which we collect into the column vector p =
(P00, P11 P11+ P22, P17, P11)T - Then the master equation takes
the form

dp=Lp, (E8)

with the Liouvillian L.
In the noninteracting case, U = 0, after using Eq. (A3) for
the Redfield approach and Eq. (B2) for the 1vN approach,
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respectively, we obtain the Liouvillians

PHYSICAL REVIEW B 94, 165435 (2016)

—fi =1~ I- I+ 0 -C* -C
= -t 0 fi c c
r 0 —fi—f F Cc* C
P fo=fo 7 * =)
2 o fi - -R-F  =C e
C C C C 2ijy —2 0
Cc* Cc* Cc* C* 0 —2i/y =2
—f+—I- f- fr 0 —C —C*
f- —f-=f+ 0 fr c cr
- r I+ 0 —fi =1 I- c cr (E10)
T2 0 I+ f- —fi— 1= —C —C*
C C C C 2ify =2 0
Cc* Cc* Cc* Cc* 0 —2i/y =2
[
Here, we have used the limit D — +o0 and the definitions The steady-state solution of the 1vN approach is obtained
_ by replacing all terms Re(Cp;1) in Egs. (E16)—(E19) by
y =T/2%, (ELD) Re(C*py1). Since py; is the same in the two approaches, this
1 * * change C — C* corresponds to changing the energy assigned
= l —_— —
fx + 2mi (Vs + Vre) = Vi + Vi)l to pyy from V, + Q to V, — Q. This is exactly what has
= fL(Vo £Q) + fr(V, £Q), (E12)  been noted using Egs. (B5) and (B6), i.e., the two approaches
7 1o g (E13) assigning different energies to processes involving coherences.
+ = ==

1

C= %[(lﬁﬁ Vg — W —vyr)l,  (El4)
_wfl | He—Es

Ve = w(z o, )

For the Redfield approach, the steady-state solution of
Eq. (E8), i.e., the solution of 9;p = O satisfying the normal-
ization condition (A4), reads as

(E15)

1. - 1
poo = = f+f- — 5 Re(Cpr),

El6
1 5 (E16)
1 _ 1
P11 = Zf_f+ + ERe (CPI’I), (E17)
1 _ 1
pri =7 fof-+ S Re(Cor), (E18)
1 1
P22 = Zf+ff - ERG (Cpr), (E19)
. iyC
= pF = — E20
P = P = 0 iy (520)

In this case, the symmetric splitting of 2§ around V, results
in the symmetry between the solutions.

Inserting the solution (E16)—-(E19) into Egs. (A9) and (A10)
gives the particle current, Eq. (9a), and the energy current,
Eq. (9b), of the main text. We note that in the Redfield
approach

Re (o = 210 _ajp,p (E21)
c ’ = =—— = ’ s
P11 2142 P11

and hence we see that the inclusion of coherences cor-
rects the diagonal elements by terms proportional to
+|p11|%. Lastly, the “No P” result of a calculation in
which principal-value integrals are neglected, is obtained
by making the replacement .y — —im fo(V, &= £2), which

yields
2Cnop = fL(Vy +2) = fr(Vy + )
+ fL(Vy — Q) — fr(Vy — Q)

=g +g. (E22)
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