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In addition to the well-known Landauer—Biittiker scattering theory and the nonequilibrium Green’s

function technique for mesoscopic transports, an alternative (and very useful) scheme is quan-
tum master equation approach. In this article, we review the particle-number (n)-resolved master

equation (n-ME) approach and its systematic applications in quantum measurement and quantum

transport problems. The n-ME contains rich dynamical information, allowing efficient study of topics

such as shot noise and full counting statistics analysis. Moreover, we also review a newly developed

master equation approach (and its n-resolved version) under self-consistent Born approximation.
The application potential of this new approach is critically examined via its ability to recover the

exact results for noninteracting systems under arbitrary voltage and in presence of strong quantum

interference, and the challenging non-equilibrium Kondo effect.
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1 Introduction

Quantum master equation is typically applied for the re-
duced state evolution of an open quantum system, e.g.,
in quantum optics and quantum dissipation studies [1,
2]. This formalism is also particularly appropriate for
studying quantum measurements, where the measured
subsystem is the system of interest, and the apparatus
is an enwvironment. In this context, in most cases, some
internal degrees of freedom of the apparatus should be
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retained, which may result in certain back-action effects.
Moreover, for quantum measurement, extra issues should
be taken into account, such as the readout characteris-
tics of the measurement and the stochastic evolution of
the measured state conditioned on the stochastic results
of measurement [3].

An interesting solid-state application of quantum mea-
surement is to measure charge qubits using a mesoscopic
detector, which can be either a quantum-point-contact
(QPC) detector [4-11] or a single electron transistor
(SET) [12-15]. For realistic applications of such mea-
surement, the non-trivial correlation between the detec-
tor and qubit has been the focus of extensive studies
[4, 11, 16-20]. For instance, for the qubit-QPC setup, if
the energy transfer between the detector and qubit is ig-
nored, the qubit may relax to invalid statistical mixture
[21-25].

Moreover, for this type of measurement, we can con-
struct a particle-number(n)-resolved master equation (n-
ME) scheme. That is, by properly clarifying the subspace
of the apparatus states in association with the number
of electrons transmitted, one can obtain [26, 27]

P () = —1Lp™(t) — > Rpt (). (1)
j=0,+1

Here, p(™ is the (reduced) qubit state conditioned on the
number of electrons “n” transmitted in the detector. The
Liouvillian £ is the well-known commutator defined by
the system Hamiltonian Hg. The superoperators R; are
associated with the tunneling processes in the transport
detector, which have explicit forms, as given in Ref. [26].
With the knowledge of p(™(t), one is able to carry out
the various readout characteristics of the measurement,
by noting that the distribution function of the transmit-
ted electrons is related with the n-conditioned density
matrix as P(n,t) = Tr[p(™(t)], where the trace is over
the system states.

For the quantum measurement discussed above, the
detector itself is a transport device. Hence, the n-ME
approach, Eq. (1), is a natural tool for studying quan-
tum transport through various mesoscopic (nano-scale)
devices. In this context, however, the quantum coherence
and/or many-body interaction effects may more signifi-
cantly affect the transport properties and device func-
tionalities. Simply, the master equation approach is ap-
propriate for quantum transport mainly because we can
regard the central device as the system of interest, and
the transport leads (reservoirs) as the generalized envi-
ronment.

Compared to the well-known Landauer—Biittiker the-
ory [28] and the nonequilibrium Green’s function for-
malism [29], the master equation approach (especially
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the n-ME formulation [30, 31]) has been very useful for
studying quantum noise in transport [32-53]. One may
note that, beyond the usual (average) current, current
fluctuations in mesoscopic transport can provide useful
information for the relevant mechanisms. Moreover, a
fascinating approach, known as full counting statistics
(FCS) analysis [34, 35], can conveniently yield all the sta-
tistical cumulants of the number of transferred charges
[36-51]. The FCS has been demonstrated experimentally
for transport through quantum dots [52, 53].

In essence, the n-ME provides an important distribu-
tion function via P(n,t) = Tr[p™(t)], which contains
rich information and allows for convenient calculation of
not only the transport current, but also the noise spec-
trum and counting statistics. For instance, for the latter,
all orders of the cumulants of the transmitted electrons
can be calculated by using e=7 ) = 3 P(n, t)eX,
where x is the counting field and F(x, t) is the cumulant
generating function (CGF).

In this article, we briefly review the n-ME approach
and its applications in quantum measurement and quan-
tum transport problems. In Section 2, for the qubit-QPC
setup and general quantum transport system, we first
review the key idea and main procedures for construct-
ing the n-ME formalism, and then outline the meth-
ods of calculating the measurement/transport current
and noise spectrum (using MacDonald’s formula). Par-
ticular attention will be given to decomposition of the
n-dependent subspaces of the reservoir states and the
consequences of the closed circuit nature, which would
significantly affect the reservoir state averages. In Sec-
tion 3, we discuss the application of the n-ME to two
measurement setups in detail, i.e., a qubit measured by
QPC and SET detectors. In Section 4, we further dis-
cuss the application of the n-ME to quantum transport
by using the double-dot Aharonov—Bohm (DDAB) inter-
ferometer and Majorana fermion (MF) probe as exam-
ples. In Section 5, we review the newly proposed self-
consistent Born approximation based master equation
(SCBA-ME) approach to quantum transport; the SCBA-
ME scheme goes beyond the usual master equation ap-
proach under the standard Born approximation which,
for instance, can recover the exact results of quantum
transport through noninteracting systems and predict
the challenging non-equilibrium Kondo effect for trans-
port through Anderson impurity (interacting dots). Fi-
nally, in Section 6 we present our concluding remarks.

2 General formalism
In this section, we review the construction of the n-ME
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formalism, and outline the methods of applying it to
calculate the measurement/transport current and noise
spectrum.

2.1 Number(n)-resolved master equation

2.1.1 Set-up (I): Qubit measurement using QPC
detector

For the sake of generality, we formally consider an arbi-
trary quantum system measured using a QPC detector.
The whole setup can be described by the Hamiltonian as
follows [26]:

H=H,+H, (2a)
HO == Hs + Z(eﬁclck + edeLdk)v (2b)
k
H' = "[Tye{[vs) (s dfer + Hee). (2¢)
k,q

In this decomposition, the free part of the total Hamilto-
nian Hy contains the Hamiltonians of the measured sys-
tem Hg and the QPC reservoirs (the last two terms). The
Hamiltonian H’ describes electron tunneling through
the QPC, e.g., from state |k) in the left reservoir to
state |¢) in the right one, with a tunneling amplitude
of Tyr{|ws)(1s|} which may depend on the state |¢5) of
the observable.

Regarding the tunneling Hamiltonian H’ as a pertur-
bation, on the basis of the second-order Born expansion,
we can derive a formal equation for the reduced density
matrix as [54]

M®=—MMﬂ—Adﬂ0@w@ﬂﬁﬁWmemw
(3)

Here, the Liouvillian superoperators are defined
as L) = [Hy (o), L) = [H,(), and
G(t,7)(---) = G(t,7)(---)G'(t,7) with G(t,7) the usual

propagator (Green’s function) associated with Hg. The

Fig. 1 Schematic for a qubit (coupled quantum dots) measured
by quantum point contact detector.
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reduced density matrix is p(t) = Trp[pr(t)], resulting
from tracing all the detector degrees of freedom from
the entire density matrix. However, for quantum mea-
surement where specific readout information is to be
recorded, the average should be taken over the unique
class of states of the detector that is being kept track of.

The Hilbert space of the detector can be classified as
follows. First, define the subspace in the absence of elec-
tron tunneling through the detector as D(©), which is
spanned by the product of the many-particle states of
the two isolated reservoirs, formally denoted as D(©) =
span{|¥ 1) ® | ¥g)}. Then, introduce the tunneling oper-
ator fT ~ f;k = d];ck, and denote the Hilbert subspace
corresponding to n-electrons tunneled from the left to the
right reservoirs as D™ = (f1)"D©), where n = 1,2, - - -.
The entire Hilbert space of the detector is D = &, D).

With the above classification of the detector states,
the average over states in D in Eq. (3) is replaced with
states in the subspace D™ leading to a conditional mas-
ter equation [26]

§0) = L0 (0 ~ [ arTepen 2/ 0)610,7)
<6 ¢ pr () @

Here, p(™ (t) = Trpe [pr(t)], which is the reduced den-
sity matrix of the measured system conditioned on the
number of electrons tunnelled through the detector until
time t. Now, we transform the Liouvillian product in Eq.
(4) to the conventional form:

LG, 7)L (T)G (¢, m)pr(t)
= [H'()G(t,7)H' (1)G (¢, 7)pr(t)
—G(t,7)H'(1)GT (t,7)pr(t)H' (t)] + H.c.
=[I-1II]+He. (5)

For simplicity, we rewrite the interaction Hamiltonian
as H'(t) = QF(t). Here, we have assumed the tunnel-
ing amplitude T}, to be real and independent of the
reservoir-state “kq”, and denoted it by ¢ which de-
pends on the state of the measured system. The detec-
tor fluctuation is described by F(t) = f(t) + f1(t), with
= qu chq and fI = qu d];ck. Two physical con-
siderations are further made, as follows: (i) Instead of
the conventional Born approximation for the entire den-
sity matrix pr(t) ~ p(t) ® pp, we propose the ansatz
pr(t) =, p™(t) ®pg), where pg) is the density oper-
ator of the detector reservoirs with n-electrons tunnelled
through the detector. With the ansatz of the density op-
erator, tracing over the subspace D™ yields

Trpo [I] = Trp[F()F(7)p)]
x[QG(t,7)QG! (t,7)p™)] (6a)

110307-3

w
<
.-
wm
>
=
=
S
o
&
=
'
=
S
=
e




175}
o
.-
w
>
==
(=¥
G
o
o
2
=
]
-
=

REVIEW ARTICLE

Trpo [I1] = Tep[f1 (7)ol £(1)]
x[G(t, 7)QGT (t,7)p" P Q]
+Tep[f()ply 11 (1)
x[G(t, T)QG (t,7)p" Q). (6b)

Here, we have utilized the orthogonality between states
in different subspaces, which leads to term selection from
the entire density operator pr. (ii) Due to the closed
nature of the detector circuit, the extra electrons tun-
neled into the right reservoir will flow back into the
left reservoir via the external circuit. In addition, the
rapid relaxation processes in the reservoirs will quickly
bring the reservoirs to the local thermal equilibrium
state determined by the chemical potentials. As a conse-
quence, after the procedure (i.e., the state selection) as

expressed by Eq. (6), the detector density matrices pg)

and pgil) in Eq. (6) can be well approximated by pg),
i.e., the local thermal equilibrium reservoir state. Un-
der this consideration, the correlation functions become,
ISR = CO (- 7), (FOFi () = €O - 1),
and (F()F(1)) =C(t —7) = CH(t —7) + C(t — 7).
Here, (- --) stands for Trp[(- - ~)pg)].

Under the Markovian approximation, the time inte-
gral in Eq. (4) is replaced by %ffooo Substituting Egs.
(5) and (6) into Eq. (4), we obtain [26]

-(n : n 1 A (n
P = —iLp™) — {[QQp™ + H.c]

—[Qp"VQ +H.e)

—[QMp"IQ 4+ Heel}. (7)
Here, QF) = é(i)(ﬁ)Q, C'(i)(ﬁ) = ffooo dtC®) (t)e 4L,
and Q = Q) + Q). Under the wide-band approxi-
mation for the detector reservoirs, the spectral function
C™H) (L) can be explicitly expressed as [21]: CF) (L) =
nlx/(1—e=*/T)],—_r+v, where n = 27grgr, and T is the
temperature. (Here, and in the following, we use the unit
system of i = e = kp =1). In Eq. (7), the terms in {-- -}
describe the effect of fluctuation of forward and backward
electron tunneling through the detector on the measured
system. In particular, the Liouvillian operator “L” in
C&E)(L) contains the information of energy transfer be-
tween the detector and the measured system, which cor-
relates the energy (spontaneous) relaxation of the mea-
sured system with the inelastic electron tunneling in the
detector. At high-voltage limit, formally V' > L, the
spectral function C(#) (L) ~ CF)(0), and Eq. (7) reduce
to the result derived by Gurvitz et al. [10, 11, 19, 20].

2.1.2  Set-up (II): Quantum transport
In general, quantum transport, schematically shown in
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Fig. 2, can be described by the following Hamiltonian:

H = Hs(aL,aM) + Z Zeaukdlukdauk
a=L,R pk

4 Z Z(twkadek—FH.c.). (8)

a=L,R pk

Here, Hg is the central system (device) Hamiltonian,
which can be quite general (e.g., includes many-body
interactions). af, (a,) is the creation (annihilation) op-
erator of electrons in state |u), which indicates both the
orbital and spin degrees of freedom. The second and third
terms describe, respectively, the two (left and right) leads
(reservoirs) and the tunneling between them and the cen-
tral system. The lead electrons are also attached here by
index “u” to characterize their possible correlation with
the system states. For instance, this will be the typical
situation for spin-dependent transport.

If we introduce F,, =Y, taukdapk = fru+ fry, and
express the tunneling Hamiltonian as

H' = (af,F, +H.ec), (9)

then, by considering this tunneling Hamiltonian as a per-
turbation, the second-order Born expansion results in an
unconditional master equation for the reduced density
matrix of the same form of Eq. (3).

To construct a conditional (i.e., particle-number-
resolved) master equation, one should keep track of the
number of electrons that arrive at the collector. Let us
classify the Hilbert space of the electrodes as follows.
First, we define the subspace in the absence of electrons
at the collector as “B(®)” | which is spanned by the prod-
uct of all many-particle states of the two isolated reser-
voirs, formally denoted as B(®) = span{|¥.) ® | ¥r)}.
Then, we introduce the Hilbert subspace “B(™” (n =
1,2,--+), corresponding to n-electrons at the collector.
The entire Hilbert space of the two electrodes is B =
©, BM.

With this type of classification for the reservoir states,
the average over states in the entire Hilbert space “B” is
replaced with states in the subspace “B(™?” leading to
a conditional master equation [27]

1 Ig

Fig. 2 Schematic setup for quantum transport through a meso-
scopic system.

Xin-Qi Li, Front. Phys. 11(4), 110307 (2016)
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P () = —iLp™(t) — / t drTr g [L' ()G (t, T)

x<L'(1)G! (t, T)pr (1)), (10)

Here, p(™(t) = Trpw [pr(t)], where pr(t) is the state
of the whole system. p(™) (t) is the reduced density ma-
trix of the central system conditioned on the number of
electrons arriving at the collector until time t.

As for the qubit-QPC problem, two important con-
siderations are made, as follows: (i) Instead of the con-
ventional Born approximation for the entire density ma-
trix pr(t) ~ p(t) ® pp, we propose the ansatz pr(t) ~
>, pm (t)®pgl), where pgl) is the density operator of the
electron reservoirs associated with n-electrons arrived at
the collector. (ii) Due to the closed nature of the trans-
port circuit, the extra electrons arriving at the collector
will flow back into the emitter (left reservoir) via the ex-
ternal circuit. In addition, the rapid relaxation processes
in the reservoirs will quickly bring the reservoirs to the
local thermal equilibrium state determined by the chem-
ical potentials.

Then, under the Markovian approximation, from Eq.
(10), we obtain [27]

(n o my 1 ) (n n
§) = g™ — = ST {[a AT + o) AP,
o

7A(L_u)p(n)a;r¢ _ CLLP(")A(LJL)
—A%;)p("fl)al — aLp(”+1)A§$] +He}. (11)

Here, Agi) = >, C’,%,),(:I:E)a,, and Aﬁi) =
D el RAt(,i). The spectral functions C’,%,),(:l:ﬁ) are
defined in terms of the Fourier transform of the
reservoir correlation functions, i.e., C&ﬁ?,(:l:ﬁ)
S22 AR ()4, where (f1,(7) fau(t)) = Clb(t—=7)
and (fa,. (1)1, (7)) = Club(t = 7).

The “n”-dependence of Eq. (11) is somehow similar
to the usual rate equation, despite its operator feature.
Each term in Eq. (11) can be interpreted similarly us-
ing the conventional c-number rate equation. Unlike in
the Bloch equation derived by Gurvitz et al. [30], in Eq.
(11), p™ is also coupled to p(®*1, which is not present
in Ref. [30]. This difference originates from the fact that
Eq. (11) is valid for non-zero temperatures.

2.2 Current and noise spectrum

2.2.1  Qubit measurement by QPC

With the knowledge of p(™(t), one can carry out the
various readout characteristics of the measurement. In
particular, for a qubit with 2 # 0 and 2~! comparable

Xin-Qi Li, Front. Phys. 11(4), 110307 (2016)

to or smaller than the measurement time [13], the qubit
oscillation cannot be read out using the conventional sin-
gle shot measurement. In this regime, continuous weak
measurement is an alternative scheme to record the qubit
oscillations, e.g., in the power spectrum of the output
current.

First, for the ensemble-average current, simple ex-
pression is related to the unconditional density matrix
p(t) = >, p"™(t). The derivation is from the fact that
the current is associated with the probability distribu-
tion P(n,t) = Tr[p™ (t)], via I(t) = edN(t)/dt, where
N(t) =3, nP(n,t). By considering the Summation over
“n” and making use of the cyclic property under trace,
we obtain [26]

1) = Yoo (1) = STHQu(NQ + Hel,  (12)

where Q = Q(-) — Q).

Second, the power spectrum of the output current can
be conveniently calculated using the MacDonald’s for-
mula [11, 26]

o d
S(w) = 2 / dtsinwt < [(n2(0) — (11?), (13)
0
where [ is the average current over time and (n?(t)) =
>, n*P(n,t). It can be proved that [26]

d

Sy = [QN@Q Fi0u0Q +He|, ()

where N(t) = 3., np™(t), which can be calculated via
its equation of motion [26]

AN 1 ]

Combining the above three equations, the noise spec-
trum S(w) can be easily obtained via Laplace transform
in terms of simple algebraic manipulations.

2.2.2  Quantum transport

For quantum transport, based on the n-ME (11), a
method similar to that outlined above leads to [27]

I(t) = e 3 _nT[p" (1)
= 5 > Til(a}Af,) - AR)al)p(t) + Hel.  (16)

Here, the unconditional density matrix p =" p™ sat-
isfies the usual master equation (which can be obtained
by summing up Eq. (11) over “n”)

. 1 _
p=—ilp—3 > {lal. AT p = pAGP) + Hee ). (17)
I
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Egs. (16) and (17) can serve as a convenient starting
point to compute the transport current. In practice, one
can first diagonalize the central system Hamiltonian,
then perform the Liouvillian operations in the eigen-state
representation.

For transport, the current noise spectrum can pro-
vide additional dynamic information beyond the cur-
rent itself. We know that, for time-dependent trans-
port, the currents across the left and right junctions
(between the central system and the two leads) are not
necessarily equal to each other. This requires a defini-
tion for the power spectrum using the “average” cur-
rent I1(t) = ol (t) + BIg(t), where a and 3 are two co-
efficients determined by the junction capacitances [55],
which satisfy a + 3 = 1. This leads to the noise spec-
trum of the current consisting of three parts [55]: S(w) =
aSp(w) + BSr(w) — afw?Sy(w), where Sy /p(w) is the
noise spectrum of the left (right) junction current Iy, (t)
and Sy(w) is the fluctuation spectrum of the electron
number N (¢) on the central device.

For Sy (w) (A = L, R), we use the MacDonald’s formula

Si(w) = 2w /OOO dtsin(wt)%[(ni(t)} — (It)3, (18)

where I is the stationary current and (ni(t)) =
Do n2[Trp™) (1)) = >on, M3 P(ny,t). Using Eq. (11),
we obtain [55]

S 3 (0) = NN 1) + T, (19)

where NA(t) = Doy nap™)(t) denotes the “number”
matrix and p® is the stationary state. Here, we also in-
troduce

() = ! Z [A(_)(' af, £ af (- )Ag\—;)} + H.c..

2 A Iz
o
(20)
The final expression for Sz,/r(w) is [55]
Si(w) = 4wIm{Tr[T)\(7)]V’\(w)]}
+2Tr [T p*] — 87 126(w), (21)

where N (w) = JoT dtN*(t)e'!. The last term originates
from the second term in the MacDonald’s formula in Eq.
(18). N*(w) can be easily obtained by solving the follow-
ing equation of motion in the frequency domain [55]:

d .
SN = LN (1) = RNM) + T, (22)

which gives

—iwNMw) = LN (W) — RN w) + T 7 B(w), (23)

110307-6

where p(w) = ip®t/w.

For the charge fluctuations on the central system, the
symmetrized noise spectrum can be expressed using [55]

Sy (w) = w? / Ar(N(1N + NN, (24)
where (N(7)N) = TrTrg[UT(r)NU(7)Np*pg], where
U(r) = e 7 and N is the electron-number opera-
tor of the central system. Using the cyclic property
under trace, we have (N(7)N) = Tr[No(r)], where
o(r) = Trg[U(r)Np¥pgUt(7)]. Desirably, o(r) satis-
fies the equation of the usual reduced density matrix. Its
Fourier transform &(w) can be easily solved using [55]

i(w— £)o(w) = RF(w) — Np™. (25)
Then, we have [55]
Sn(w) = 20*Re{Tr{ N[5 (w) + &(—w)]}. (26)

2.3 Counting statistics and large-deviation analysis

In order to get information in addition to the average cur-
rent and current fluctuation spectrum, with the knowl-
edge of p™(t) (and thus P(n,t)), one can perform FCS
[34, 35] and large-deviation (LD) analysis [56-61]. For
FCS analysis, the current CGF can be constructed using
62)

e T = N7 P(n, t)elnx, (27)

where y is the so-called counting field. Based on the
CGF, f"(x,t), the k¢, cumulant can be readily carried
out via Cj, = —(—idy)* F(x, t)|x=0- As a result, one can
easily confirm that the first two cumulants, C; = n and
Cy = n? — #?, give rise to the mean value and the vari-
ance of the transmitted electrons, while the third one
(skewness), C3 = (n — n)3, characterizes the asymmetry
of the distribution. Here, (---) = 3, (--+)P(n,t). More-
over, one can relate the cumulants to measurable quan-
tities, e.g., the average current by I = eC/t, and the
zero-frequency shot noise by S = 2e2Cs/t. In addition,
the important Fano factor is simply given by F' = Cy/Ch,
which characterizes the extent of current fluctuations:
F > 1 indicates a super-Poisson fluctuating behavior,
while F' < 1 indicates a sub-Poisson process.

For the LD analysis, instead of using the discrete
Fourier transform in Eq. (27), one may consider eX" =
e~ ™. That is, introduce the duakfunction of P(n,t) [63]:

P(z,t) =Y e " P(n,t) =e 70, (28)

—In

The real nature of the transform factor e=*", in contrast

Xin-Qi Li, Front. Phys. 11(4), 110307 (2016)
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to the complex one, X", makes the resultant P(z,t)
somewhat resemble the partition function in statistical
mechanics. Using analogous terms in statistical mechan-
ics, in Eq. (28), the trajectories are categorized by a dy-
namical order parameter “n” or its conjugate field “z”.
This is realized by an exponential weight similar to the
Boltzmann factor, with the dynamical order parameter
representing the energy or magnetization and the conju-
gate field representing the temperature or magnetic field.

P(x,t) is called LD function in LD analysis. In statisti-
cal mechanics, the partition function measures the num-
ber of microscopic configurations accessible to the system
under given conditions. For the mesoscopic transport un-
der consideration, if we are interested in the dynamical
aspects of the transport electrons, the above insight can
be used for LD analysis in the time domain. That is, the
LD function is a measure of the number of trajectories
accessible to the “counter”, which favorably character-
izes the trajectory space from multiple angles according
to the effect of the conjugate field. In particular, it allows
one to inspect the rare fluctuations or extreme events by
tuning the conjugate field “x”.

We emphasize that, if one performs the conventional
FCS analysis only, using either a complex transform fac-
tor eX” or a real one e~*"
the limit x(z) — 0 will be considered at the end. How-
ever, for the LD study, we must use the real factor e™*",
which plays a role in categorizing (selecting) the trajec-
tories. This type of selection would enables us to perform
statistical analysis for the fluctuations of sub-ensembles

would make no difference since

of trajectories. For instance, x > 0 implies mainly select-
ing the inactive trajectories (with small n), while z < 0
prefers the active trajectories (with large n). In particu-
lar, by varying x, the xz-dependent statistics can reveal
interesting dynamical behaviors in the time-domain. In
other words, based on the distribution function P(n,t),
which contains complete information of all the trajec-
tories, the LD approach, beyond the conventional FCS
analysis, captures more information from P(n,t) via the
z-dependent cumulants.

From the technical point of view, similar to trans-
forming P(n,t) to P(z,t), we introduce p(z,t) =
>, e *mpM(t). Then, from Eq. (1), we formally have
[63]

pz,t) = [-iL — Ro — "Ry — e *R_1] p(z,t).  (29)

This equation allows us to carry out the LD function
P(z,t) via P(x,t) = Tr[p(z,t)], where the trace is over
the central system states. Accordingly, we obtain the
generating function F(x,t) = —In P(z,t) for arbitrary
counting time ¢. Further, we can prove [63]
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Filz,t) = 0F(2,1) = 5 (; ) zn: ne *"P(n,t)
= (n).. (30a)
Fa(w,t) = 2 F (w,t) = —((n — 1ia)*)a, (30b)
and more generally,
Filw,t) = 05 F (w,t) = () (0 —7)*)s. (30c)

Here, for brevity, we used the notation 7, for (n),. Us-
ing these cumulants, we can define a finite-counting-time
average current I(z,t) = eFi(x,t)/t and the shot noise
S(z,t) = 2e2Fa(z,t)/t. In addition, the generalized Fano
factor, F'(z,t) = Fa(z,t)/F1(z,t), will be of interest to
characterize the fluctuation properties.

We notice that, in order to obtain Fy(z,t), we only
need to determine the various k-th order derivatives of
P(z,t), Pi(z,t) = 0¥ P(x,t). This is an efficient method
to compute the z-dependent cumulants for finite count-
ing time. That is, by performing the derivatives 9% on
Eq. (29) and defining py(z,t) = 0%p(x,t), we obtain a
set of coupled equations for pi(x,t), whose solution then
gives Py (z,t) = Trlpk(z,t)].

In long counting time limit, it can be proved that
F(x,t) =~ tA(x). Desirably, the asymptotic form,
P(z,t) ~ e @) allows one to identify the LD function
A(z) for the smallest eigenvalue of the counting matrix,
i.e., the r.h.s of Eq. (29).

3 Application to quantum measurement

In this section, we illustrate the application of the n-
ME to two examples of quantum measurement, i.e., for
a charge qubit measured respectively by QPC and SET
detectors.

3.1 Qubit measured by QPC

Let us specify the charge qubit as a pair of coupled
quantum dots, described by the Hamiltonian Hy, =
eala)(al + e |b)(b] + 2(|b){a|] + |a)(b]). We then intro-
duce € = (e, — €5)/2 and set (e, + €,)/2 as the reference
energy. The qubit eigen-energies are obtained as F; =
Vel + 02 =A/2 and By = —Ve? + 22 = —A/2. Corre-
spondingly, the eigenstates are |1) = cos §|a) + sin £|b)
for the excited state and |0) = sin g|a> — cos g|b> for the
ground state, where 6 is introduced using cos = 2¢/A
and sinf = 2£/A. The coupling between the qubit
and detector is characterized by H' = QF, where Q =
T + x|a){a|] and F = Zkyq(cqu + H.c.).

By applying Eq. (12), we obtain the stationary current
for a symmetric qubit (e = 0) as [26]
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Here, go = n(T + x/2)%, g1 = n(x/2)?, and G*) =
FFH(A V)£ FE(A V)], with FE(AV) = (A+
V) coth(%). At zero temperature, Eq. (31) can be fur-
ther simplified. Compared with previous results [22, 23],
we find that under low voltage (V < A), Eq. (31) is re-
duced to the same result given by Shnirman et al. [22],
but under V' > A it differs from the results in Refs. [22,
23)].

The output power spectrum S(w) can be calculated
using the MacDonald’s formula via Egs. (13)—(15). For a
symmetric qubit and denoting S(w) = Sp+S1 (w)+S2(w),
we obtain [26]

(31)

2

Vo X
= 2]y coth — + &
SO 0 CO 5T + 5
A? Vv
+ _ =2 v
X [G el V coth 2T} , (32a)
A GH) I§Fd42
Si(w) [ B WG(H} (w? — A2)2+Fd2w2’ (32b)
S 2. (1D I G .
() =5 [T 1) Sy (320)

Here, three currents are defined as Iy = (I, + Ip)/2,
Iy = I, — Iy, and I = Iy — 2 ?AG) /GH), with
I, = n(T + x)?V and I, = nT2V being the detector
currents corresponding to qubit states |a) and |b), respec-
tively. The other quantities in Eq. (32) are I'y = %G(*‘),
v= %iA and D, = —AVT,I,/G™) — nx2G() /4. The
three noise spectrum components are, respectively, (i)
the zero-frequency noise Sy, (ii) the Lorentzian spec-
tral function Sp(w) with a peak around the qubit Rabi
frequency w = A, and (iii) Sa(w), originating from the
qubit-relaxation-induced inelastic tunnelling effect in the
detector. In addition to S2(w), the qubit relaxation ef-
fect is also manifested in Sy and S;(w), i.e., giving rise
to the second term of Sy and reducing the pre-factor in
S1(w) from unity. If the qubit-relaxation-induced inelas-
tic effect is neglected or at the limit of the high bias
voltage V' > A, Eq. (32) returns to the result obtained
in previous work [16-20].

The measurement-induced relaxation effects of the
qubit are shown in Fig. 3. The major effect of the qubit
relaxation shown in Fig. 3(a) is the lowering of the en-
tire noise spectrum in qualitative consistence with the
findings of Gurvitz et al. [11], where an external thermal
bath is introduced to cause qubit relaxation. However,
the spontaneous relaxation discussed here does not di-
minish the telegraph noise peak near zero frequency in
the incoherent case, which implies the presence of the

110307-8

Zeno effect, in contrast to the major conclusion of Ref.
[11]. In addition, the transition behavior from the co-
herent to the incoherent regime is different. Figure 3(b)
shows the voltage effect where the coherent peak around
w = A reduces as the measurement voltage decreases.
Interestingly, this effect alters the fundamental bound of
4 for the signal-to-noise ratio, [S(A)—So]/So, which was
determined by Korotkov et al. at the high voltage limit
(see the inset) [16-18].

The voltage effect is further shown in Fig. 4 by the
3D plot of the scaled spectra for different qubit sym-
metries. In contrast to the present result, we notice
that in Ref. [23], no spectral structure was found, i.e.,
S(w) — S(00) = 0 in the range of V' < 10A for the sym-
metric qubit (§ = 7/2). However, Shnirman et al. showed
the existence of the coherent peaks at w = A for volt-
age greater than A [22]. For an asymmetric qubit, as
shown in Fig. 4(b), the coherent peaks at w = +A are
destroyed and a peak around w = 0 is formed. This tran-
sition originates from the breakdown of the resonant con-
dition, which replaces the Rabi oscillation of the qubit
with incoherent jumping.

(@ 8¢ ) 16
\ q
74, 14+
\ ]
67 \ \ry=4.04 127
S 54 Y K107
T4l o\ 7 81
s \ S (]
& 31r=2.0, \\\ 3, 6]
4 -~ g 4«
2 /\\ ]
I X i
11 1054/ N 27
> S
O T OA T .T T
0 1 200 05 10 15 20
wlA w/A

Fig. 3 (a) Noise spectrum in the presence (solid curves) and
absence (dashed curves) of qubit relaxation. (b) Voltage effect
on the noise spectrum, particularly on the peak-to-pedestal ra-
tio (inset, where the solid and dashed curves correspond to the
presence and absence of qubit relaxation). The results in (a) and
(b) are obtained, respectively, by altering x (for a fixed voltage
V = 2A) and the voltage V (for a fixed x = 0.14). Other param-
eters: gr, = gr = 2.5/A, and T = A.

(a) f=n/2
[S(e)-S,)/S, [S(ew)
10 2 30
5 15
4 g
Ly 6 3 2

Fig. 4 3D-plot of the noise spectra for (a) the symmetric and (b)
the asymmetric qubit. Parameters: gr, = gr = 2.5/A, x = 0.14,
and T'= A.
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Fig. 5 Schematics for a solid-state qubit measurement by SET.
Model (I): the SET level is within the bias window for qubit state
|b), but outside for state |a). Model (II): the SET level is between
the Fermi levels for either |b) or |a), but with different couplings
to the leads, i.e., I' /g for |b), and Fi/R for |a).

3.2 Qubit measured by SET

As second example of quantum measurement, we con-
sider a charge qubit measured by an SET [12-14], as
schematically shown in Fig. 5. The SET is a sensitive
charge-state detector, which is suitable for fast qubit
read-out in solid-state quantum computation. For single-
shot measurement, i.e., where the qubit state is unam-
biguously determined in one run, an important figure of
merit is the detector’s efficiency, defined as the ratio of
information gained time and the measurement-induced
dephasing time [13, 14]. In the weakly responding regime,
it was found that the SET has a rather poor quantum
efficiency [14, 64-66]. However, later study showed that,
for a strong-response SET, the quantum limit of an ideal
detector can be reached, resulting in an almost pure con-
ditioned state [67].

As mentioned earlier for the QPC detector, a more im-
plementable approach is continuous weak measurement
rather than single-shot measurement. This type of mea-
surement allows one to determine the ensemble average
of detector and qubit states, and the qubit coherent os-
cillation is read out from the spectral density of the de-
tector. In continuous weak measurement, an interesting
generic result is the so-called Korotkov—Averin (K-A)
bound, i.e., the signal-to-noise ratio (SNR) bounded by
a fundamental limit of “4” [69], which can be broken
only in cases such as when performing quantum nonde-
molition (QND) measurement [70, 71], adding quantum
feedback control [72], or using two detectors [73]. We
consider continuous weak measurement of qubits using
strongly responding SETs [67, 68] and show that, for
both models in Refs. [67] and [68], the SNR can violate
the universal Korotkov-Averin bound [74].

The entire method of the qubit-SET measurement is
described by the following Hamiltonian [67, 68, 74]

H=H,+H, (33a)
Hy=Hs + Z exkdl da, (33b)
A=L,R
Hs = ) Ejl){jl + 2(ja)(®l + b){al)
j=a,b

Xin-Qi Li, Front. Phys. 11(4), 110307 (2016)

+Eealac + Unane, (33c)
H = Z (-QAkaldAk + H.C.)
A=L,R;k
=al(fer + for) + Hec.. (33d)

For simplicity, we assumed spinless electrons. The system
Hamiltonian, Hg, contains a qubit, SET central dot, and
their Coulomb interaction (the U-term). For the qubit,
we assumed that each dot has only one bound state, i.e.,
the logic states |a) and |b) with energies E, and E, and
a coupling amplitude (2. n, is the number operator of
qubit state |a), which is 1 for |a) being occupied and
0 otherwise. For the SET, a(a.) and de(dak) are the
electron creation (annihilation) operators of the central
dot and reservoirs, respectively. n. = aiac is introduced
as the number operator of the SET dot. Similar to previ-
ous work, we assumed that the SET works in the strong
Coulomb-blockade regime, with only a single level E. in-
volved in the measurement process. Finally, H' describes
the tunnel coupling of the SET dot to the leads, with
amplitude 2.

We consider the two models schematically shown in
Fig. 5. In model (I), which was studied in Ref. [68], the
SET dot level is within the bias voltage if the qubit
is in state |b), but is above the Fermi level when the
qubit state is switched to |a). For state |b), a nonzero
current I, flows through the SET; however, for state
|a), the SET current I, is zero. Then, the qubit state
can be discriminated from these different currents. In
this model, the signal current AI = |[, — I,| is twice
the average current I = (I, + I,)/2. Hence, it is not
a weak response detector. In model (II), which illus-
trates the crossover from weak to strong responses, the
SET dot level is always between the Fermi levels of the
two leads for qubits either in state |b) or state |a), but
with different coupling strengths to the leads, i.e., I'y(r)
and I’ i( R We further parameterize the tunnel couplings
as FL(Fi) = (1 + g)FL, FR(FJ/Q) = (1 + C)FR, and
v = I'g/I'y. Here, I't(py = (I'r) + I'l(ry)/2 denotes
the average couplings, while £ and ¢ characterize the re-
sponse strength of the detector to qubits. In this context,
we would like to mention that, usually, the analysis is
restricted in the weak-response regime by assuming that
¢ < 1and ¢ < 1, except in Ref. [67], where the quantum
efficiency was investigated in the strong response regime
using this model.

For the both models in Fig. 5, the states involved are
[1) = |0a), |2) = |0b), |3) = |1la), and [4) = |1b). In this
notation |0(1)a(b)) means that the SET dot is empty
(occupied) and the qubit is in state |a(b)). Applying Eq.
(11) to model (I) yields [74]
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P = 10[pls™ — p P+ T pls™ + Trp™ ™, (34a)
poat) = 102[pS™ — p{a™ |~ I psa™ + Trpl3n ™Y, (34b)

-(n . n . n n F n
P§2R) = _16P§2R) + 1Q[P§1R) - Pg2R)] - TL ng)
I o .
+ 205 + Trply™ Y, (34c)

2
plat) =10 — P — (Tp + I)pls™,  (34d)
pinm) = 10[p5nm) — p0m)) 4 pp pltm) — P pie) | (34e)
P = —ile + U)pi™ +i00p" — pli™]

L (Tt T
Here, € = E, — Ey and I'y /g = 27|82, 5|* gL /r, where
gr/r is the density of states of the SET leads. For sim-
plicity, the assumption of the wide-band limit implies
21, /r = 21 /Rk, and makes I', /g energy independent. In
addition, low temperature conditions and U > {2 were
assumed to further simplify the equations. Similarly, for
model (IT), we have [74]

Iy (nr)

+ (34f)

.(n . n n n nr—1
PglR) = 1Q[P§2R)*PélR)]*FipglR)ﬁLF}/%PgJ )a (35a)

P = 102[p8™ —pls™ )= I pS™ + Trply™ ™, (35b)
A = —iepls™ +102[pl™ — piy™]

7FL+F£ (nr) FRJrFI/% (nr—1)

5 P12 2 P34 ) (35¢)

P = i[5 — pm] + Iy o™ — Thple™ | (35d)
p™) =i00pa™ — P+ TrpSs™ — Trply™, (35¢)
psi™) = —ile + U)ol +i00pi™ - o)

FL"‘Fip(nR)_FR'i‘F]Ig (ng)

+ 9 12 9 P34 (35f)

Except for the specific conditions of model (II), the other
parameters are the same as those for model (I) (as men-
tioned above).

By applying the n-ME formulation in Eqs. (18)—(26),
we can straightforwardly calculate the output power
spectrum for both set-ups considered here. As for qubit
measurement using a QPC detector, the signal of the
qubit oscillations is manifested as a peak in the noise
spectrum at frequency 22, while the measurement ef-
fectiveness is characterized by the SNR, i.e., the peak-
to-pedestal ratio. We denote the noise pedestal by S,
and obtain it from S(w — o0). In Fig. 6, we show the
dependence of the SNR on the detector’s configuration
symmetries.

The result of model (I) is shown in Fig. 6(a), where we
see that both the tunnel- and capacitive-coupling sym-
metries crucially affect the measurement effectiveness.
The tunnel coupling asymmetry effect I'r/ I, is due to
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Fig. 6 Signal-to-noise ratio: (a) for model (I), and (b) for model
(IT). For model (I), we take I', = I' as energy unit and assume
that prry = £500", 2 = 2I" and U = 80I". For model (II), we
take I';, = I' as energy unit and assume that 2 = I', U = 501,
I'r =300, and a = 3 = 1/2. Zero temperature and E, = Ej are
assumed.

the fact that with the increase of I'r/I's, the interac-
tion time between the detector electron and the qubit
is decreased. Thus, the detector’s back-action is reduced
and the SNR is enhanced [68]. For the effect of capac-
itive coupling, its degree of asymmetry affects the con-
tribution weight of the cross-correlation between I, ()
and Ir(t) to the entire circuit noise. Specifically, the
cross-correlation has a more important contribution for
more symmetric coupling, as shown in Fig. 6(a) by the
a-dependence. This is because, as we shall demonstrate
below, the cross-correlation has a much higher peak-to-
pedestal ratio than the auto-correlation.

An unexpected feature observed in Fig. 6(a) is that un-
der proper conditions, i.e., for symmetric capacitive cou-
pling and strongly asymmetric tunnel coupling, the SNR
can exceed “4”, which is the upper bound quantum me-
chanically limited on any linear response detectors [69].
However, whether this upper bound is applicable to non-
linear response detector is unclear in priori, since, in
this case, the linear response relation between the cur-
rent and qubit state breaks down. Hence, the subsequent
Cauchy—-Schwartz-inequality-based argument leading to
the upper bound of “4” is not valid [73].

To support the above theory, we further study model
(IT). The result is presented in Fig. 6(b). As explained
in the model description, the parameters ¢ and ¢ char-
acterize, respectively, the left and right tunnel-coupling
responses to the qubit states. Fig. 6(b) shows an asym-
metric tunnel coupling detector, with v = I'r/I', = 30,
which can lead to higher SNR, because of the weaker
back-action from the detector, similar to that for model
(I). Here, we find that the SNR is insensitive to the right
junction response ¢, but sensitive to the left one £. Again,
in this model, we observe that the SNR can violate the
K-A bound “4” in the strong response regime.

We present further explanation of the violation of the
K-A bound. Since I(t) = alp(t) + BIr(t), the current
correlator (I(¢)I(0)) contains the component Spr(t) =
(IL(t)Ir(0) + Ir(t)IL(0)), i.e., the cross-correlation. In

Xin-Qi Li, Front. Phys. 11(4), 110307 (2016)
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addition, in the previous results, we see that for more
symmetric capacitive coupling, the SNR is larger, and
reaches a maximum at « = § = 1/2. This feature in-
dicates that the cross-correlation can enhance the SNR.
Indeed, for the SET detector, both the left and right
junction currents (I, and Ig) contain information of the
qubit state; hence, their “signal” parts are correlated.
This leads to a heuristic opinion that views the two
junctions as two detectors, like in the scheme of qubit
measurement using two point contacts proposed recently
by Jordan and Biittiker [73], where they found that the
SNR of the cross-correlation can strongly violate the K-
A bound, because of the negligibly small pedestal of the
cross noise. In our case, since I (t) and Ir(t) are sub-
ject to a constraint from charge conservation, the cross
noise background of Iy, (¢) and Ir(t) does not vanish in
principle, unlike for the two independent QPC detectors
[73]. Nevertheless, the pedestal of the cross noise of the
SET is much smaller than that of the auto-correlation,
which leads to an enhanced SNR in the spectral den-
sity of the total circuit current and to the violation of
the K-A bound, as clearly shown in Fig. 7(a). For com-
parative purposes, in Fig. 7(b), we plot the SNR of the
cross-correlation, scaled by the noise pedestal S, of the
circuit current.

In Fig. 8, the spectral density of the cross-correlation,
scaled by its own noise pedestal, is shown representa-
tively. As mentioned above, since the cross noise pedestal
is negligibly small at a high frequency limit, we artifi-
cially (but more physically in some sense) define the
pedestal at a finite frequency, e.g., twice the qubit oscil-
lation frequency. Obviously, the large SNR of the cross-
correlation drastically violates the K-A bound. This re-
sult indicates that for qubit measurement using an SET,
one can explore the cross-correlation, rather than the
auto-correlation, as a probe of coherent oscillations. In

@) (b) ,
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Fig. 7 Signal-to-noise ratio versus tunnel-coupling asymmetry,
I'r/ T for model (1), and I'r/I';, for model (II). In (a) the solid
and dashed lines are the result in the presence of cross correlation,
while the dotted and dot-dashed lines are the result after removing
it. In (b) the mere cross correlation is plotted. S is the pedestal
noise of the entire circuit current. £ = ¢ = 0.9, other parameters
are the same as in Fig. 6.
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Fig. 8 Spectral density of the cross-correlation scaled by its own
pedestal, which is defined here at twice the Rabi frequency of the
qubit oscillations. Parameters for model (I) in (a): I' = 0.057,
I'r = 0.5I', and 2 = 5I'. Parameters for model (II) in (b):
I', =005, ' = 0.5, 2 = 5", and € = ¢ = 0.9. In this
plot we take I" as the energy unit. Other conventions are the same
as in Fig. 6.

practice, such scheme is simpler than the technique of
QND measurement [70, 71], and holds the most advan-
tages of SET over QPC.

4 Application to quantum transport

We illustrate the application of the n-ME approach to
quantum transport by first using a single-level quantum
dot to show the simple results of the m-resolved mas-
ter equation and then considering two more interesting
examples.

4.1 Single-level quantum dot

For transport through a single-level (Ey) quantum dot,
under wide-band approximation, the reservoir corre-
lation functions can be expressed as C&i)(t -7) =
[tal®> 0, et =1 (), where ni" (ex) = naler) is
the Fermi distribution function and ngf)(ek) =1
ng(€x). Then, the spectral functions are obtained as

AE) = CE(£L)a = Tun® (Ey)a. (36)

Here, Iy, = 2mga|ta|?, where g, is the density of states
of the “a” lead. In the special case of zero tempera-
ture and a large bias voltage ur > Ey > pgr, we have
A(LJr) = I'ra, A(L*) =0, Ag) = I'ga, and Ag) =0.
Substituting these into Eq. (11) yields

1
P = —iLp™ — 5{[FRa’fap(") + I p™aat
—I'pafp™a — Trap™Val] + He.}. (37)

Choosing the empty state |0) and the occupied one |1},
we obtain

po) = —Trpsy + Trpty Y,
AV = ~Trply + TLply). (38)
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This is the result derived by Gurvitz et al under the lim-
its mentioned above [30]. Applying the above n-ME, one
can easily perform all the transport studies outlined in
Section 2.

4.2 Parallel double dots

The system of two quantum dots coupled in parallel to
two reservoirs has attracted a great deal of attention as a
realization of a mesoscopic Aharonov—Bohm interferom-
eter [75-78]. Indeed, such a system pierced by an exter-
nal magnetic field, as shown in Fig. 9, is an interference
device whose transmission can be tuned by varying the
magnetic field. In the absence of the interdot electron—
electron interaction, the interference effects in the reso-
nant current through this system are quite transparent.
This is not the case, however, for interacting electrons
[79-81].

We consider a strong interdot electron-electron repul-
sion — a Coulomb blockade. While the two dots may
be occupied simultaneously in the noninteracting model,
the Coulomb blockade prevents this. At first, one might
not expect that this repulsion could dramatically modify
the resonant current’s dependence on the magnetic field.
We find, however, that the resonant current is completely
blocked for any value of the magnetic flux except for in-
teger multiples of the flux quantum (@y = h/e) [82]. This
striking effect goes far beyond our simple expectations.

Consider a double dot (DD) connected in parallel to
two reservoirs, as shown in Fig. 9. For simplicity, we con-
sider spinless electrons. We also assume that each of the
dots contains only one level, F; and Fs. In the presence
of a magnetic field, the system can be described by the
following tunneling Hamiltonian [82]:

H=Hy+Hr+ Y Eudid,+Udddd,.  (39)
pn=1,2
Here, the first term, Hy = Zk[EkLaLLa‘kL +

Ey, Ra;fC ROk r|, describes the reservoirs and Hr describes
their coupling to the dots,

Hy =3 (turdiais + turalpd,) + He., (40)
.k

where p = 1,2 and akL and akR are the creation oper-
ators for the electrons in the reservoirs while d{ 5 is the

Fig. 9 Resonant tunneling through two parallel dots pierced by
the magnetic flux .

creation operator for the DD. The last term in Eq. (39)
describes the interdot repulsion. We assume that there is
no direct transmission between the dots and that the cou-
plings of the dots to the leads, t, 1 (r), are independent of
energy. In the absence of a magnetic field, one can always
choose the gauge in such a way that all couplings are real.
In the presence of a magnetic flux @, however, the tun-
neling amplitudes between the dots and the reservoirs are
generally complex. We obtain ¢,r,r) = f#L(R)ei‘i’#L(R),
where gy is the coupling without the magnetic field.
The phases around the closed circle are constrained to
satisfy ¢11 + d1r — P21 — P2r = @, Where ¢ = 27 P/ Py.

Let the initial state of the system correspond to fill-
ing the left and right reservoirs at zero temperature with
electrons up to the Fermi energies py and pp, respec-
tively. In the case of large bias, |, r—E12| > I', apply-
ing either an exact single-particle wavefunction method
or the ME approach for non-interacting case, we find a
simple expression for the total current [82]

A2+FLFRSID 10}
A2+FLFRSID 29’

1(¢) = Io (41)

where A = FE; — E» is the offset of the dot levels, and
Iy = 2I'L,T'r/T is the current for non-interacting elec-
trons in the absence of the magnetic filed, with I'y(r) =
21D r)ltr(r)|* and Dy g) is the density of states of the
leads. The ¢-dependence in Eq. (41) is an example of the
Aharonov-Bohm effect.

Next, we detail the study for interacting dots in the
Coulomb blockade case, Ey 2 + U > pr, which excludes
the states corresponding to a simultaneous occupation of
the two dots. In this case, the Hilbert space of the DD
state is reduced to |0) = |00}, |1) = |10), and |2) = |01),
where |10) means the upper dot occupied and the lower
dot unoccupied, and other states have similar interpre-
tations. Applying Eq. (11), we obtain [83]

pi = —2Ty pl) 4 Trp$m=Y 4 Dppln=) 4 ell@mi—dn) pp pn=1) 4 oi(@ra—dma) pp pn=1), (42a)
A = Fppl — Ppl) — leiwm-m) g — lei<¢m—¢m> Trpl, (42b)
p(g) _ FLP(n) FRP( 2 1(¢R1 ¢R2)FRP( 2 1(¢Rz ¢R1)FRP(”) (42¢)
110307-12 Xin-Qi Li, Front. Phys. 11(4), 110307 (2016)



REVIEW ARTICLE

.(n i _ n 1 i _ n 1 i _ n . n
ng) —e (L1 ¢L2)[’Lpéo) _ 56 (¢Rr2 ¢R1)FRP§1) _ 56 (¢r2 ¢R1)FRpé2) _ (FR + 1A)p§2),

Pél) — ol(¢r2 ¢L1)[’Lpéo) _ §el(¢m ¢R2)FRP§1) _

Owing to the neglected spin degrees of freedom in con-
structing the Hilbert space, as a compensation, here we
have replaced I';, with 217 to equivalently restore its
effect.

Applying the n-ME approach, we obtain the total cur-
rent in the steady-state limit [82, 83]

A2
A2+ Io (2[’3 sin? % - Asin(b)

1(¢) = 1o ; (43)

where I = 2I', I'r /(21" + I'g) is the total current (with
the Coulomb blockade) in the absence of the magnetic
field. Let us compare Eq. (43) with Eq. (41) for the non-
interacting case. We find that for A # 0 both currents
display the Aharonov—Bohm oscillations. However, their
behavior is drastically different when A — 0. The reso-
nant current for the noninteracting electrons keeps oscil-
lating with the magnetic field, while in the case of the
Coulomb blockade, the current becomes non-analytic in
¢. From Eq. (43), we can easily obtain that I = I for
¢ = 2mn, where n = @/ Py is an integer, but I = 0 for
any other value of @. Such an unexpected “switching”
behavior of the electron current in the magnetic field
represents a non-trivial interplay of the Coulomb block-
ade and quantum interference.

For understanding the switching phenomenon, it is de-
sirable to disentangle these two effects via a state ba-
sis transformation, by defining new basis DD states,
df|o) — JL|O>, chosen such that d}|0) is not coupled
to the right reservoir, i.e., tap — togp = 0, then the cur-
rent would flow only through the state d!|0). This can
be realized using the unitary transformation [82, 83]

J

8FLFR[2FLFRA2 - A4 + 3A2w2 —
S(w) =

2w (I'3 + w?)|T

(42d)
%ei(‘i’Rl_‘bR?)FRp%) —(I'r— iA)pglL). (42¢)
' -
(Cﬁ>:i<tm t2R><d1>’ (44)
d2 N ~tor tir d2
where N' = (2, + 125)"/?, which indeed results in

tor = 0. In addition, the coupling of cAlz|()> to the left
lead reads

Tarn(¢) = —e (P22 =91R) (F  Type'® — Ty fig) /N, (45)

It follows from this expression that to;, = 0 for ¢ = 2nnw
provided that t;1,/ta;, = t1r/tar, or for ¢ = (2n+ 1)7 if
ti1/tar, = —t1r/t2r. Obviously, for noninteracting DD,
cAiz |0) has no contribution to current, while CT{ |0) carries a
magnetic-flux modulated current. In the case of inter-dot
Coulomb blockade, however, the coupling of CAZZ|O> to the
left lead is zero, which is of crucial importance. If toy, # 0,
then the state CT{ |0), carrying the current, will be blocked
by the inter-dot Coulomb repulsion. As a result, the total
current vanishes. However, if the state 675|0> is decoupled
from both leads, it remains unoccupied, so that the cur-
rent can flow through the state d}|0). As shown above,
this takes place precisely for #1r,/tar, = +t1g/tag. If this
condition is not fulfilled, the current is always zero, even
for ¢ = 27n.

Below we consider further the current fluctuations.
The shot-noise spectrum can be conveniently calculated
using the n-ME and the MacDonald’s formula. Notice-
ably, for the present Coulomb blockade DD interferom-
eter, we find that the zero-frequency shot noise can be
highly super-Poissonian, and can even become divergent
as A — 0. For the coherent DD interferometer, analytical
result of the frequency-dependent noise can be obtained
as [83]

+2I. (46)

Here, we have assumed ¢ = 27n. At zero frequency limit,
the Fano factor can be given as

S(0)  8I'fI'g + (4I't + I'3)A?

F = =
21 (QFL + FR)2A2

(47)

Noticeably, as A — 0, it becomes divergent! Note that
this divergence is not caused by the average current I,
but by the zero-frequency noise itself. In addition, from
Eq. (46), we find that the limiting order of A — 0 and
w — 0, would lead to different results i.e., if A — 0, then
w — 0, the result can be given as

Xin-Qi Li, Front. Phys. 11(4), 110307 (2016)

(2T + I'r)A?% — (2I'p + 3IR)w?]? + w2(2[ L TR + 2I'3 + A? — w?)?

|
IP+1%

RERR )
which is finite and coincides with the Fano factor of the
single-level transport [55]. The limiting order leading to
Eq. (48), which implies that we are considering the noise
for aligned DD levels. In this case, as constructed above,
see Eq. (44) and Fig. 10(a), the two transformed dot-
states are decoupled to each other, and one of them is
also decoupled to both leads if ¢ = 27n. As a result,
equivalently, the transport is through a single channel,
leading to the Fano factor Eq. (48).
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¢=2mn 2

(1)

t

Fig. 10 Schematic interpretation for the noise divergence. Up-
per panel: Effective coupling of the DD to the leads and between
the dots, in the representation of transformed DD states, i.e.,
1) = J{ |0) and |2) = J;\O) Lower panel: Coarse-grained temporal
current, with a telegraphic noise nature which causes divergence
of the zero-frequency noise when A — 0.

However, for A — 0 but # 0, the situation is sub-
tly different. In this case, the two transformed states are
weakly coupled, with a strength oc A. Thus, the trans-
porting electron on state d}|0) can occasionally tunnel
to J;|O>, which is disconnected to both leads, and its oc-
cupation will block the current until the electron tunnels
back to CZ“O> and arrives at the right lead. Typically,
this strong bunching behavior, induced by the interplay
of Coulomb interaction and quantum interference, is well
characterized by a profound super-Poissonian statistics.
In Fig. 10(b), the coarse-grained temporal current with
a telegraphic noise nature is plotted schematically. We
observe that, as A — 0, the current switching would be-
come extremely slow, leading to very long time (~ 1/A)
correlation between the transport electrons. This long-
time-scale fluctuation, or equivalently, the low frequency
component filtered out from the current, which causes
divergence of the shot noise as A — 0. This is similar, in
a certain sense, to the well known 1/ f noise, which goes
to divergence as f — 0.

4.3 Probe of Majorana fermion

In this subsection, we apply the n-ME approach to analy-
sis for a possible probe of the Majorana fermions [84-86].
The Majorana fermions, proposed in 1937 by Majorana
[87], are exotic particles since each Majorana fermion is
its own antiparticle [88, 89]. The search for Majorana
fermions in solid states, as emerged quasiparticles (ele-
mentary excitations), has been attracting a great deal
of attention [90-96]. As a real example, an effective p-
wave superconductor can be realized using a semicon-
ductor nanowire with Rashba spin-orbit interaction and

110307-14

Zeeman splitting, and in proximity to an s-wave super-
conductor [92-94]. Of crucial importance is then a full
experimental demonstration of the Majorana fermion in
solid states [97].

Therefore, let us consider the system in Fig. 11. The
setup describes transport through a semiconductor quan-
tum dot (QD), while the QD is tunnel-coupled to a semi-
conductor nanowire on an s-wave superconductor [97].
It was found in Ref. [98] that the Majorana bound state
(MBS), emerged at the end of the nanowire, will dramati-
cally influence the zero-bias linear-response conductance
through the quantum dot, as a result of the modified
static spectral property (the effective density-of-states)
of the QD level. In the following section, going beyond
linear response, we consider transport through the quan-
tum dot under finite bias voltage and pay particular at-
tention to the Majorana’s dynamic aspect [84-86]. While
a subtraction of the source and drain currents can expose
certain features of the Majorana fermion [84], below we
show that the more unique properties can be identified
from the shot noise [84, 85], via a spectral dip together
with a pronounced zero-frequency noise enhancement ef-
fect.

Combining a strong Rashba spin-orbit interaction and
the Zeeman splitting, it was shown that the proximity-
effect-induced s-wave superconductivity in the nanowire
can support electron-hole quasiparticle excitations of
Majorana bound states (MBS) at the ends of the
nanowire [92-94]. Since the Zeeman splitting should be
large enough in order to drive the wire into a topological
superconducting phase, we can assume it much larger
than the transport bias voltage, the dot-wire coupling
energy, and the dot tunneling rates with the leads. In this
case, we can model the QD by a single resonant level and
treat the electron as spinless particle. Accordingly, the

[R
Left QD Right
I lead I, . Iy lead
)
= >¢| MBS
="
e
e wn
S =
B3 o
g5
[}
g
I_ >4l MBS

Fig. 11 Schematic setup for detecting Majorana fermion by
transport through a semiconductor quantum dot (QD), while the
QD is coupled to a semiconductor nanowire which is in contact
with an s-wave superconductor. Under appropriate conditions a
pair of Majorana bound states (MBS) is anticipated to emerge at
the ends of the nanowire.

Xin-Qi Li, Front. Phys. 11(4), 110307 (2016)
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entire system can be modeled using H = Hreads + Hsys +
Hr. Hicads = Za:L,R >k sakclkcak describes the nor-
mal metallic leads; Hyr = Ea:L,RZk takdc:;k + H.c. is
for the tunneling between the leads and the dot; and the
low-energy effective Hamiltonian for the central system
is given as [84, 85|

Hyys = epd'd + %61\47172 + (M = X dNy. (49)

Here, cjlk (car) and df(d) are the electron creation (anni-
hilation) operators of the leads and the dot, respectively,
with corresponding energies of ¢, and ep. Particularly,
in Eq. (49), the second term describes the paired MBSs
generated at the ends of the nanowire and coupled to
each other by an energy ey ~ e~ /¢, where [ is the wire
length and £ is the superconducting coherent length. The
last term in Eq. (49) describes the tunnel coupling be-
tween the dot and the left MBS. For spinless dot level,
we can choose a real constant A, while in general A\ has
a phase factor associated with the spin direction.

To solve the transport problem associated with the
Hamiltonian Eq. (49), it is convenient to switch from the
Majorana representation to the regular fermion represen-
tation, through the exact transformation y; = fT+ f and
ve = i(fT — f). f is the regular fermion operator, satisfy-
ing the anti-commutative relation {f, f{} = 1. Accord-
ingly, we rewrite Hgys as [84, 85]

Hyys = epdid + epr (fo — %) + XMd—d)(fT + f).
(50)

For the convenience of the latter discussion, we rear-
range the tunnel coupling term in Eq. (50) as H; =
(Aftd 4+ Ay fTd") 4+ H.c., where A; = X or 0 corresponds
to the dot coupling to the MBS or to a regular fermion
bound state. In the transformed representation, the basis
states of the central system are given by |ngnys), where
ng and ny can take the value of 0 or 1, so that we have
four basis states {]00),]10),]01),[11)}.

Rather than the linear response [98], we consider trans-
port through the quantum dot under finite bias volt-
age. Associated with the voltage setup in Fig. 11, the
chemical potentials of the two leads are, u; = eV and
ur = e(Vo — V). The so-called large bias limit indi-
cates that [y () —€pl is much larger than the dot-level’s
broadening. In this case, the dot level is deeply embed-
ded into the voltage window and the temperature effect
is negligible in calculating the transport currents. More-
over, this bias regime allows us to apply the Born-Markov
ME. Its particle-number-resolved version is given as [84]

I
™ = —iLp™ — TL(ddTp(") + p™Mddt — 2df p™q)

Xin-Qti Li, Front. Phys. 11(4), 110307 (2016)

r
—7R(dep(") + p™dtd — 2dp™—Ddhy, (51)

where “n”

represents the electron number transferred
through the central system, and p(") satisfies the con-
dition > 07 p™(t) = p(t). Here, we introduced the Li-
ouvillian superoperator as Lp = [Hgys, p], and the tun-
neling rate as I'y, = 27ga|ta|?, where g, is the density-of-
states of the lead a (L or R). Corresponding to Eq. (51),
the unconditional Lindblad ME is given as p = —iLp +
I'tDld'|p+ I'rD[d]p, where D[A]p = ApAt — L{ATA, p}.

Shot Noise— Below we focus our interest on the
shot noise spectrum, which beyond the steady-state cur-
rent, reflects the dynamic aspect of the central system.
Specifically, we consider the current correlator S, (¥)
2({01,(t),61,(0)}), where = L and R and 01, (t) =
I,(t) — I5. Here, I is the steady-state current in the a-
th lead, and the (quantum statistical) average of defin-
ing the correlator is over the steady state. The shot noise
spectrum S, (w), i.e., the Fourier transform of S, (¢), can
be calculated most conveniently within the n-ME for-
malism using the McDonald’s formula.

Figure 12 displays the representative result for the
shot noise spectrum. First, we notice that a spectral dip
appears at the frequency w. ~ 2\ (for ep = 0 and small
enr), which reflects an existence of coherent oscillations
in the central system, where is w. the characteristic fre-
quency. This is an important signature, since it indicates
the emergence of bound states at the ends of the wire
with discrete energy, gapped from other higher energy
continuum. Here, we should note that the quantum dot is
coupled to a nanowire, and hence, in the usual case, the
wire states are extended and have continuous energies,
which cannot support coherent oscillations as indicated
by the spectral “dip” in Fig. 12. As a comparison, in
Fig. 12, we also plot the result of the same quantum dot

=Ty, 3=20, 6,~0.17

1.0f
0.9F
0.8}
0.7F
0.6F
0.5F — 40
04f - T A

Sp(@)/(2¢ely)

0 2 4 6 8
ol

Fig. 12 Shot noise which reveals a spectral dip and zero-
frequency enhancement effect. The former behavior reflects exis-
tence of coherent oscillations which indicates the formation of a
bound state coupled to the quantum dot, and the latter originates
from the nature of Majorana excitation. “A\; = A” corresponds to
the Majorana bound state and “A; = 0” to a regular one. As in
Fig. 11, we set ep = 0 in this plot.
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coupling to a regular bound state with the same strength
(M\). While an “oscillation dip” appears similarly at the
same frequency, nevertheless, the zero (and low) fre-
quency noise differs remarkably from the Majorana case.

To characterize the zero frequency noise, we use the
well-known Fano Factor, F,, = S,(0)/(2el%). For sym-
metric rates I'r = I'y, = Iy, we find F;, = Fr and denote
the Fano factor simply by F'. Analytically, we obtain [84]

2A2)\2

F—F® = .
(IZ 4+ €3,) (A2 + AF) + 4X2)\3

(52)

Here, F®) is the Fano factor of coupling to a regular
(R) bound state. Moreover, in this result, we distinguish
the coupling amplitudes A and A; (introduced in the
coupling Hamiltonian). We notice that A and A; play
identical (symmetric) roles and the difference, Eq. (52),
vanishes if any of the amplitudes disappears. We then
understand that the zero-frequency noise enhancement
is arising from the peculiar nature of the Majorana ex-
citation. Therefore, the noise enhancement effect in Fig.
12 is another useful signature for Majorana excitation at
the ends of the nanowire. In addition, Eq. (52) can be
used to obtain the important parameters of the Majo-
rana’s mutual interaction (eps) and its coupling to the
quantum dot (A). In particular, based on Eq. (52), af-
ter setting Ay = A for the Majorana fermion, an even
simpler result can be obtained in the limit ep; — 0 i.e.,
F =1- 3[1+2()X1I})%~". This result provides a very
simple relation between the Fano factor and the scaled
coupling amplitude (A/Iy).

Now, we consider I';, # I'r. Taking the limit epy — 0
and setting ep = 0, we obtain [84]

b LB TR STRIUN [(5—3y) 1% + 1617
R= " I2(I% + 8)2)2 )
(53a)
o _ i+ Th N 8IRILA? [(5—3/y) I + 16)?]
LT (T2 +8)2)2 ’
(53b)

We notice that the first term in Fy,(g) is the Fano factor
corresponding to transport through an isolated single-
level quantum dot [55, 102], while the second term arises
from coupling to the Majorana fermion. If I'y # I'g, we
find that Fr — Fp, = 24(I', — I'r)TA\?/(I'% + 8)\%)% #£ 0.
(This difference vanishes when I'y, = I'g.) Finally, we
mention that the steady-state current through the quan-
tum dot cannot reveal the Majorana information in the
symmetric case (I', = I'r) [84]. However, the Fano fac-
tor given above carries such information, since the sec-
ond term in Fr(g) does not vanish when y = 1. Note
also that, if the quantum dot couples to a regular bound
state (another dot), the zero frequency noise (Fano fac-
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tor) is the same as the first term of the above Fp(g),
being unaffected by the side coupling.

5 Master equation under self-consistent Born
approximation

In this section, we review our recent work on improv-
ing the ME beyond the second-order Born approxima-
tion [103-105]. The basic idea is to base the formulation
on the self-consistent Born approximation. That is, we
replace the free Green’s function in the tunneling self-
energy diagram by an effective reduced propagator under
the Born approximation [103]. Remarkably, we will see
that this modification can greatly improve the results.

In some cases (such as in quantum optics), the second-
order ME works perfectly well. However, for quantum
transport, the second-order expansion of the tunneling
Hamiltonian only corresponds to sequential transport,
which does not incorporate the level broadening effect
[27], implying thus a validity condition of large bias
voltage. Moreover, for interacting systems, although the
second-order ME can predict the Coulomb staircase be-
havior, it cannot deal with the cotunneling and Kondo
effects. To overcome this limitation, higher-order expan-
sions of the tunneling Hamiltonian are required [106—
120].

The second-order ME is obtained from the well-known
Born approximation through perturbative expansion of
the tunneling Hamiltonian [27]. The resultant dissipa-
tion term, in analogy to the quantum dissipative sys-
tem, corresponds to a self-energy process of tunneling.
On the other hand, it is well known that in the Green’s
function theory, an efficient scheme of higher-order cor-
rection is the use of renormalized self-energy diagram
under the self-consistent Born approximation (SCBA),
which is actually a type of self-consistent renormalization
to the bare propagator with a dressed one [121]. From
this insight, for quantum transport we may replace the
free (system-Hamiltonian only) Green’s function in the
second-order self-energy diagram, with an effective prop-
agator defined by the second-order ME [103]. We will see
that the effect of this improvement is remarkable: it re-
covers not, only the ezact result of noninteracting trans-
port under arbitrary voltages but also the cotunneling
and nonequilibrium Kondo features for interacting sys-
tems.

5.1 Formulation of the SCBA-ME

5.1.1 Master equation under Born approzimation

In a more compact form, we reexpress the ME (11) (un-

Xin-Qi Li, Front. Phys. 11(4), 110307 (2016)



REVIEW ARTICLE

der the second-order Born approximation) as [103-105]

p(t) = —iLp(t) — > { [a7, A©) (1)] + Hc} (54)

o
Here, we introduced: o = + and —, & = —0; a} = aL,
and a, = a,. The superoperators can be expressed

as Lp = [Hg, p], and A,(Z)) ) = Xazrr A(O:L)p(t) while
A (t) = 32, Jy drC (6= 1) {G(t m)lag p(r)]}. G(t.7)
is the free propagator, determined by the system Hamil-
tonian as G(t,7) = e *£(¢=7),

Now we present a specific characterization for C&'L),, (t—
7) in terms of its Fourier transform:

Chilit-n= [ G Ir@w. 69
Accordingly, we have FC(YJ,L), (w) = Tawu (w)n(ojr)(w)
and Fé;,l(w) = Faw(w)n(_)(w), where oy (w) =
27 ) 4 taukt,0(w — €;) is the spectral density function
of the reservoir (a), n(ojr)(w) denotes the Fermi function
N (w), and n$”) (w) = 1—n4(w) is introduced for brevity.
Alternatively, we may introduce the Laplace transform
of C’éi),,(t — 7), denoted by C’,SL),, (w), which is related to

F,gf,), (w) through the well known dispersive relation:

* dw’ i
o) :/ W' d p@) ), 56
OLIU.V(W) o 27_‘_ w :l:wl + i0+ a,uv(w) ( )

For the reservoir spectral density function, we assume
a Lorentzian form as

LopW?

Loy (w) = @)+ w2

(57)
Here, we use the constant Iy, (without the argument
w) to denote the height of the Lorentzian spectrum, and
W, to characterize its bandwidth. The form of Eq. (57)
also corresponds to a half-occupied band for each lead,
which peaks the Lorentzian center at the chemical poten-
tial p of the lead. Obviously, the usual constant spec-
tral density function is obtained from Eq. (57) in the
limit Wi, — oo, yielding I'a(w) = Tapw. Correspond-
ing to the Lorentzian spectral density function, straight-
forwardly, we obtain

1 .
ClENw) = 5 | TS (Fw) + 1455, (7)) - (58)

The imaginary part, through the dispersive relation, is
associated with the real part as

[e'e} !/
AE) (w) :p/ dw' 1 pe) (w)

auy 1T apy
o 2T wtw

= %{Re [w <% +1L"2;““))]

Xin-Qi Li, Front. Phys. 11(4), 110307 (2016)

1 W
A
<2+ 27r>]F

W — o
T W }, (59)
where P represents the principle value, ¥(x) is the
digamma function, and 8 = 1/(kpT') denotes the inverse
temperature.

The second-order ME can be applied only to transport
under large bias voltage i.e., the Fermi levels of the leads
should be considerably away from the system levels, by
at least several times of the level’s broadening.

5.1.2  Master equation under self-consistent Born
approzximation

The basic idea to improve the second-order ME can fol-
low what is typically done in the Green’s function theory,
i.e., correcting the self-energy diagram from the Born to
a self-consistent Born approximation. In our case, the
SCBA scheme can be implemented by replacing the free
propagator in the second-order ME, G(¢,7) = e (=T
by an effective one, U(t, T), which propagates a state with
the precision of the second-order Born approximation,
given by Eq. (54). From this consideration, the general-
ized SCBA-ME follows Eq. (54) directly as [103]

p(t) = —iLp(t) — > { (a5, A (1)) + Hc} (60)

no

Here, AD() = Ya_pnAliy(®), and AG,(H) =
S, St arCi, (t—7) {U(t, 7)[ag p(7)]}. To close this ME,
let us define p;(t) = U(t, 7)[agp(T)] (here and in the fol-
lowing equation we use “j” to denote the double indices
(v,0) for the sake of brevity). Then, the equation-of-

motion (EOM) of this auxiliary object is given as [103]

t
i) =iy~ [ = - ). 6
T

In this equation, we introduce a notation EéA) for the
second-order self-energy superoperator, where the super-
script “(A)” indicates an essential difference from the
usual one because it involves anticommutators, rather
than the commutators in the second-order ME. More ex-
plicitly, we have [103]

t
/ sy (t—)5,t) =Y [{au, AN+ {af, AL}

m
+{al, AT} + {aH,AL;jT}], (62)

where Affﬁ])_ is defined as AL(;/J_) =) amL.R 2w f: arc?),.

apr’
(t—t) {e*w(t*tl)[agfﬁj(t’)] . Because of the anticom-
mutative brackets that appearing in Eq. (62), we stress
that the propagation of p;(t) is not governed by the
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usual second-order ME. This, in certain sense, violates
the celebrated quantum regression theorem. We notice
that the second-order reduced propagator & was intro-
duced from p(t) = U(t, to)p(to), and in Eq. (61), the
quantity being propagated is aZp(to), which differs from
the former only by an initial condition. Then, from ex-
perience, we may expect that the propagator must be
independent of the initial condition, in the present con-
text, which is the object to be propagated. In most cases,
this statement is true. However, our analysis shows that
this general rule (the celebrated quantum regression the-
orem), quite unexpectedly, is not followed in the present
case. The basic reason is that the object being propa-
gated, adp, contains an extra electron operator. Owing
to the Pauli principle (or Fermi-Dirac statistics), extra
negative signs appear in two of the four self-energy terms
in its equation-of-motion. This changes the commutators
in the usual master equation to the anti-commutators in
Eq. (62). We find that this subtle issue is extremely im-
portant — otherwise we cannot obtain the correct results
such as the illustrative examples in this work.

5.1.3 Steady state current

Within the framework of SCBA-ME,
second-order counterpart, the current through the ath
lead is given as [103]

—QZRe{ [AS) (H)ay —Agjjp(t)au}. (63)

similar to its

Here, Re{: - -} indicates the real part of {---} and Tr[- - -]

is the trace of [- - -] over the system only states. For steady

Jo(r) in AG(1).

Since physically, the correlation function C’éﬁl),(t —7) in

state, consider the integral f(f drl[--

the integrand is nonzero only on finite timescale, we can
replace p(7) in the integrand by the steady state p, in
the long time limit (¢ — oo). After this replacement, we
obtain

A= [ Geri

Then, substituting this result into Eq. (60), we can di-
rectly solve for p, and calculate the steady state current.

W)U (Fw)[az; pl. (64)

Based on p, in order to further obtain the current, we
first introduce @1, (w) = Trla,p1y(w)] and o (w) =
Tr[a,p2u(w)], where p1,(w) and o, (w) are calculated
using Eq. (61), with an initial condition of 5y, (0) = pa/,
and pa,(0) = alp. To simplify the notations, we denote
the various matrices expanded in the system state ba-
sis {|u), [¥)} in terms of a boldface form: ¢1(w), pa(w),
and I'p(gy. If I'p, is proportional to I'g by a constant,
the steady state current can be recast to the Landauer—
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Biittiker type [103]

T=2Re / h (21—“’ s (@) — nr(@)] Tw), (65)

oo 2T

where the tunneling coefficient, very compactly, is given
by

T (w) = Te{I' T r(I't + I'r) 'Refp(w)]}. (66)
Here, p(w) = ¢1(w) + p2(w).

Now, we demonstrate that for a noninteracting sys-
tem, the above stationary current coincides precisely
with the nonequilibrium Green’s function approach, both
giving the exact result under a arbitrary bias voltage.
In general, a noninteracting system can be described by
Hg = Zuv hu,,aLa,,. We directly obtain the EOM of ¢;
as follows:

pi(0) = —ihp;(w) — i (w)pi(w). (67)

©i(0) denotes the initial conditions for ¢q,,(0) =
Tr[aupal] and ¢2,,(0) = Trlaualp|. The tunnel-
coupling self-energy 3o is given by gu.(w) =
i 0 [Chb @) + G (~w)], or

©dw T (W)
Sow) = [ G (68)

Then, based on Eq. (67), summing up 1 (w) and ¢s(w)
we obtain

pw) =ifw—h—Zg(w)] - (69)

For deriving this result, the cyclic property under trace
and the anti-commutator, {a,,a}} = §,.,, have been
used. Eq. (69) is nothing but the exact Green’s func-
tion for transport through a noninteracting system, thus

—lwepi(w) —

giving the exact stationary current after inserting it into
the above current formula.

5.1.4 Interacting case

To show the application of the proposed SCBA-ME in
interacting systems, as an illustrative example, we con-
sider the transport through an interacting quantum dot
described as

Hg = ; (e#aza# + %n#n#> . (70)
Here, the index p labels the spin up (“1”) and spin down
(“]”) states, and [ represents the opposite spin orienta-
tion. €, denotes the spin-dependent energy level, which
may account for the Zeeman splitting in the presence of
a magnetic field (B), e1,] = €0 = gupB. Here, ¢ is the
degenerate dot level in the absence of a magnetic field;

Xin-Qi Li, Front. Phys. 11(4), 110307 (2016)
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g and pp are the Lande-g factor and the Bohr’s magne-
ton, respectively. In the interaction part, Unqn, is the
Hubbard term, n, = aLaH is the number operator, and
U represents the interacting strength.

First, we notice that Coiz, is diagonal with respect to
the spin states, i.e. C’,%,),( t) = 5;“/0&? (t) and Fo(tfl), =
5WFC($). Here, 4., is the usual )-function with discrete
indices, and in C&i) and I éjf), there is only a single
state index () for brevity. Then, we specify the states
involved in the transport as |0), | 1), | |}, and |d), corre-
sponding to the empty, spin-up, spin-down, and double
occupancy states, respectively, Using this basis, we reex-
press the electron operator in terms of projection oper-
ator, aL = |p)(0] + (—1)*|d){@a|, where the conventions
(-1)T = 1 and (—1)} = —1 are implied. For a solution
of the steady state, we have [103]

A= [ Skl (1)
Thus, after some calculations, U(£w)[aip] can be ex-
pressed as

Uw)lalpl = [N @) {0] + k) (W) (=1)*|d){al]

U(—w)awp] = [A; (@)[0) (] + £y, (W) (=1 |a)d]]

(72)
where
() = iﬂl_ul (W)poo — i (w) P

M) TG @)

_ - lnlp (@W)Pup — Xn (w)Pdd

TP T (.

it (w) = i—E:{( w)poo + 11, (W)

g I W), @)
oo (w) = i*E (W) Pup + T, (W) Pad
g L (@I, (@)
Here, we introduced IT; ' (w) = w—¢, — ZO (w) =2 (w),

"
and Hfﬂl (W) =w—¢€, — U —Xou(w) — ¥ (w). The self-

energies Yo, (w) and ¥F(w) are given by
“ dw’ T, (w)
b)) = N o SV
0u () /_OO 27 w—w' +i0t’

+ A LPwW)
Y (w) = — .
” oo 2 w— € €, —w 10T
- ()
oo 2T w— By + W +i0t
Then, we find the solution of ¢(w) as

w—ep—Yop + US; (@—€u—U—g,—55) 1

pw) =
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1nﬂ

+ ,
w—eu—U—0,~US, (w—€,—Sou—Sz) !

(74)

where n, = puu+pdad, and 1—n, = pps+poo. This result
coincides precisely with the one from the EOM technique
of the nonequilibrium Green’s function [29], which con-
tains the remarkable nonequilibrium Kondo effect.

At high temperatures, Eq. (74) reduces to

i(1—np) ing

w—e#fEO#—’—wfe#—UfEO#' (75)
Here, we use ¢y to indicate the result at the level of
a mean-field Hatree-Fock approximation. Eq. (75) can
also be derived from the EOM technique at a lower-order
cutoff [29]. As a result, even the simple broadening ef-
fect contained in Eq. (75) goes beyond the scope of the
second-order ME. In Fig. 13, we plot the current-voltage
relation based on Eq. (74) against that from Eq. (75).

prr(w) =

5.2 Formulation of the n-SCBA-ME

Let us turn to the construction of the n-resolved SCBA-

E (n-SCBA-ME), along the same line of constructing
the n-resolved second-order ME [104, 105]. The basic
idea is to split the Hilbert space of the reservoirs into a
set of subspaces, each labeled by n. Then, the average
(trace) over each subspace is calculated, and the cor-
responding conditional reduced density matrix is defined
as p(™ (t). To be specific, consider the p(™)(¢) conditioned
on the electron number arrived to the right lead, which
obeys the following equation [104, 105]

p) = —iLp™) — Z {[ AL upm 10 WA ~<n)

I
(+) (=)
ALp‘p(n) o AL#ﬁ(n)a# - AR#ﬁ(nfl)aL
_‘ARWW“)G”} + Hc} (76)

Current

Fig. 13 Coulomb staircase in the current-voltage curve. Inset:
the corresponding differential conductance. The result based on Eq.
(74) is plotted against the Hatree—Fock (HF') solution Eq. (75). Pa-
rameters: I', = 'r = 1'/2, €0 =71, U = 10[", and kT = 0.11".
The bias voltage is set as ur, = —pur = eV/2 by taking the zero-
bias Fermi level as energy reference.

110307-19

w
<
.-
wm
>
=
=
S
o
&
=
'
=
S
=
e




175}
o
.-
w
>
==
(=¥
G
o
o
2
=
]
-
=

REVIEW ARTICLE
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Here, A () = 3, fodrCu(e — 1)l ¢, 7)),
while the summation over v is appropriate in regard
to the abbreviation j = {v,o}. In Eq. (76), the ap-
~(nk1) . .
pearance of p; (t,7) is owing to a more tunnel-
ing event (forward/backword) involved in the process
of the corresponding terms. In particular, p( )(t,r) is
the n-dependent version of the quantity pj(t,r) =
U(t,T)[aZp(T)], satisfying the EOM according to Eq.
(61):

ﬁ§n) = _wﬁ;n) - Z { [alAfjﬁgvl) + %A,(;;)_n)
"
+A ~<n)a + A ~<n)au + A pJ 1>GL
+A MH)G,J + H.c. } (77)
In this equation, we introduced Al ;f(") t) =

OV LS WACEED {e*‘“t*t’[a;’/ﬁE")(t’)]}-

The n-resolved ME contains important informa-
tion and can be used in a wide variety of ap-
plications. Next, we focus on calculating the shot
noise spectrum S(w), using the MacDonald’s formula
S(w) = 2wfooodtsin(wt)%<n2(t)>, where (n%(t)) =
S, n2P(n,t) = Try., n2p™(t), and the n-counting
starts with the steady state (p). Based on Eq (76),

d

one can express +(n?(t)) in terms of ARW() and

ASZN(t). The former has been introduced in Eq.
(60), needing only to replace p(7) by p. The latter
reads Agz =3, fo dTCR(;)V t — 7)[N;(t,7)], where
Ni(t,7) =3, npgn) (t,7), noting also the abbreviation
j = {v, o} which makes the summation over v reason-
able. Then, MacDonald’s formula becomes

w) = 2wlm Z Tr{2 [A;;)N (w)aL - A;;)N (w)ay]

+[A5;,L< Jal, + A (@)a,] }. (78)

This result is obtained after Laplace transforming

Agzﬁ(t) and Ag;) 5 (t). More explicitly,

RMJ Z / R;w

where the Laplace transformation of the steady state is
given as p(w) = ip/w, and the propagator U in frequency
domain is defined through Eq. (61). Another quantity,

(WU (w + ow')[agp(w)],

(o) . .
AR (@) is given as

=3 [ ST e e N )
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In deriving this result, we introduced an additional
propagator through N;(t,7) = U(t — 7)N;(7), where
N;(1) = aZN(7) as the initial condition which is de-
fined by N(7) = 3, np™ (7). U(w) and N(w) can be
obtained via Laplace transforming the following EOMs.
(i) For N(w), based on the n-SCBA-ME we obtain:

Nm:fwwme:ﬂ A@Mﬂ+H&}

no

+ Z { ARup RMJ

(i) For U(w), from Eq. (77) we have

}+Hc} (79)

N,(t) = —iLN; (1) /% — N ()
—Z{ R;ij (t)al, - Ag}ﬁj(t)a#] +H.c.}. (80)

The self-energy superoperator EéA)(t — t') is re-

ferred to Eq. (62) for the definition and interepa-
tion/discussion. Similarly, as introduced in Eq (77),

we defined here A%’;p t) = f dt’ CRW(
) {e g 5, (1)

For the convenience of applications, we summarize the
solving procedures in a simpler way as follows. First,
solve U(w) from Eq. (61) and obtain p(w) from Eq. (60);
then, extract U(w) from Eq. (80) and N(w) from Eq.
(79). Using U(w) and N(w), we can directly calculate
the noise spectrum of Eq. (78).

5.3 Noise spectrum: Illustrative examples

5.8.1 Noninteracting quantum dot

Let us first consider the simplest setup of transport
through a single-level quantum dot. In the absence of the
magnetic field and Coulomb interaction, the spin degree
of freedom is irrelevant. Then, the system Hamiltonian is
givenas Hg = eoa’a, and the states involved in the trans-
port are |0) and |1), corresponding to the empty and oc-
cupied dot states. Applying the solving protocol outlined
above, the shot noise spectrum can be directly obtained,
as shown in Fig. 14 by the solid curve. As a comparison,
in Fig. 14, we plot also the results from the second-order
non-Markovian (nMKV) and Markovian (MKV) ME, re-
spectively, by the dashed and dotted curves. The former
is based on Ref. [123], while the later is from the follow-
ing analytic result [55]

I%-+I%—+w2)

81
T2+ w2 (81)

S@QZQf(
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where I' = I't, 4+ I'r is assumed. I is the steady state cur-
rent, in large bias limit which is given as [ = I't '/ T,
while here we account for the finite bias effect based on
the SCBA-ME approach.

We observe that, quantitatively, the result from the n-
SCBA-ME modifies that from the second-order nMKV-
ME, while qualitatively both revealing a staircase be-
havior at frequency around wao = |ga — €o|- Mathe-
matically, the origin of the staircase is from the time-
nonlocal memory effect. Physically, this behavior is ow-
ing to the detection-energy (w) assisted transmission res-
onance between the dot and leads, which experiences a
sharp change when crossing the Fermi levels. In high fre-
quency regime, the noise spectrum from the n-SCBA-ME
coincides with that from the second-order nMKV-ME,
while the latter is given in Ref. [123] by the high fre-
quency limit as S(w — oo0) = I'g. This directly leads to
a Fano factor as F' = S/(21) = (1 + I'r/I'1)/2. There-
fore, it can be Poissonian, sub-Poissonian, and super-
Poissonian, depending on the symmetry factor I'r /I
In contrast, the second-order nMKV-ME predicts a Pois-
sonian result, F(w — co) = 1.

We would like to point out that the second-order
MKV-ME is only applicable in the low frequency regime
of w < wao = |fa — €o]- This is in consistency with
the fact that the high frequency regime corresponds to a
short timescale where the non-Markovian effect is strong,
while the low frequency regime corresponds to a long
timescale where the non-Markovian effect diminishes.

5.8.2  Coulomb—Blockade quantum dot

This is the system described by Eq. (70). Here we first
consider the noise spectrum in the Coulomb-Blockade
(CB) regime, and leave the Kondo regime to next sub-
section. The CB regime of single occupation is charac-

S(w)

0.2

0 10 20 30
1)
Fig. 14 Shot noise spectrum through a single-level noninteract-
ing quantum dot, from the SCBA-ME (solid curve), the 2nd-
nMKV-ME (dashed curve) and the 2nd-MKV-ME (dotted curve),
respectively. Parameters: I'y, = I'r = 0.5, ur, = —pr = 7.5,
€0 =5, kpT = 2 and W = 100.

Xin-Qi Li, Front. Phys. 11(4), 110307 (2016)

terized by €9 + U > up > €9 > pr. For the purpose of
comparison, we quote the result from the second-order
MKV-ME [55]

AT+ T3+ w?
(2l + I'R)? + w?

In large bias limit, i.e., the Fermi levels far from ¢
and ¢y + U, the steady state current is given as [ =
2I',I'r/(2T1, + I'r). However, in numerical simulation,
we account for the finite bias effect by inserting the
steady state current from the SCBA-ME approach into
Eq. (82). For obtaining Eq. (82), the double occupancy
of the dot is excluded because the energy is out of the
bias window. In the n-SCBA-ME treatment, however, all
the four basis states should be included.

In Fig. 15, we display the main result of the noise
spectrum in the CB regime, where a couple of non-
Markovian resonance steps are revealed at frequencies
around wao = |pa — €o] and wa1 = €0 + U — po. We find

S(w)=2I

(82)

that the resonance steps in high frequency regime are
enhanced by the Coulomb interaction, while the low fre-
quency spectrum has remarkable “renormalization” ef-
fect compared to Eq. (82). In addition to the result under
the wide band limit (WBL), in Fig. 15, we also show the
bandwidth effect by two more curves. We see that, for
finite-bandwidth leads, the noise spectrum diminishes at
the high frequency limit. This is because the energy (w)
absorption/emission of detection restricts the channels
for electron transfer between the dots and leads.

5.3.3  Nonequilibrium Kondo dot

The nonequilibrium Kondo system, with the Anderson
impurity model realized by transport through a small
quantum dot, has attracted intensive attentions [124-

0.0 T T
0 10 20 30

Fig. 15 Shot noise spectrum through an interacting quantum dot
in a Coulomb blockade regime defined as g + U > pr, > €9 > ur.
Results in the wide band limit (WBL) and for the finite band-
widths are shown in comparison with the one from the 2nd-MKV-
ME (dotted line). Parameters: I';, = I'g = 0.5, up, = —pur = 5,
er =€ =€ = 2, U =10, and kgT = 2. We find staircases
appearing at w = €9 —pur =7 and eg + U — pg = 17.
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134]. Compared to the equilibrium Kondo effect, the
nonequilibrium is characterized by a finite chemical po-
tential difference of the two leads. As a result, the peak
of the density of states (spectral function) splits into two
peaks pinned at each chemical potential. The two peak
structure is difficult to probe directly, by the usual dc
measurements. Nevertheless, the shot noise might be a
promising quantity to reveal the nonequilibrium Kondo
effect, although much less is known about it. Despite the
low-frequency noise measurements [135, 136], so far there
are no reports on the finite-frequency (FF) noise mea-
surements. However, several theoretical studies [137-140]
revealed diverse signatures (Kondo anomalies) in the FF
noise spectra, such as an “upturn” [137] or a spectral
“dip” [140] appeared at frequencies £eV/h (V is the bias
voltage), as well as the Kondo singularity (discontinuous
slope) at frequencies £2eV/f in Ref. [138], or at +eV/2h
in Ref. [140]. In addition, it was noted in Ref. [138] that
the minimum (dip) developed at +eV/h is not relevant
to the Kondo effect, since in the noninteracting case the
noise has a similar discontinuous slope at +eV/fi as well
[138].

The system Hamiltonian is the same as Eq. (70). Fol-
lowing the solving protocol outlined above, we obtain the
noise spectrum in the Kondo regime, as shown in Fig.
16. Remarkably, we observe a profound “dip” behavior
(Kondo signature) in the noise spectrum at frequencies
w = £V/2, as particularly demonstrated by a couple of
voltages. We attribute this behavior to the emergence
of the Kondo resonance levels (KRLs) at the Fermi sur-
faces, i.e., at ur, = V/2 and pr = —V/2. In steady state
transport, it is well known that the KRLs are clearly re-
flected in the spectral function. In the ME, the KRLs
structure is hidden in the self-energy terms, which char-
acterize the tunneling process and define the transport
current. Similarly, the noise spectrum is affected, partic-
ularly in the Kondo regime, by the self-energy process in
frequency domain based on the same ME. This explains
the emergence of the spectral dip appearing at the same
KRLs (i.e., at w = £V/2).

Alternatively, as a heuristic picture, one may imag-
ine to include the KRLs as basis states in propagating
p(t), which is implied in the current correlation func-
tion. In a usual case, when the level spacing is larger
than the broadening, the diagonal elements of the den-
sity matrix decouple to the evolution of the off-diagonal
elements. However, in the Kondo system, the diago-
nal and off-diagonal elements are coupled to each other,
through the complicated self-energy processes. This fea-
ture would bring the coherence evolution described by
the off-diagonal elements, with characteristic energies of
the KRLs and their difference, into the diagonal elements
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which contribute directly to the the second current mea-
surement in the correlation function (I(¢)I(0)). Then,
one may expect three coherence energies, £V/2 and V,
to participate in the noise spectrum. Indeed, the dip
emerged in Fig. 16 reveals the coherence-induced oscilla-
tion at the frequencies +V/2, while the other one at the
higher frequency V' (observed in by Moca et al. [140] in
the case of infinite U) is smeared in our finite U system
by the rising noise with frequency.

6 Concluding remarks

In summary, we have reviewed the formulation of
particle-number (n)-resolved master equation (n-ME) ap-
proach, and its application to quantum measurement
and quantum transport in mesoscopic devices. The for-
malism under the (standard) second-order Born approx-
imation is particularly simple and can be reliably ap-
plied to many practical problems. Importantly, the n-ME
version is extremely appropriate for studying the shot
noise and counting statistics (including also the large-
deviation analysis), which encode additional dynamic in-
formation beyond the stationary current. The convenient
application of the n-ME approach was illustrated by a
couple of examples.

However, the second-order Born approximation does
not fully capture the tunneling induced level-broadening
and other multiple forward-backward-process induced
correlation effects. Therefore, the first limitation is that
the second-order ME to quantum transport is valid only
for large bias voltage. On the other hand, for interact-
ing systems (e.g., quantum dot or Anderson impurity),
the second-order ME cannot describe the cotunneling
and the nonequilibrium Kondo effect owing to the same

1.0

0.0 T T T
-12 -8 -4 0 4 8 12

Fig. 16 Shot noise spectrum in the Kondo regime, for several bias
voltages (ur = —pr = V/2). Parameters: ', = I'r = I'o = 0.5,
ep =€ =€ = —2, and U = 6. The Kondo temperature is de-

termined by T = 12 /=210 exp[ 0T H<0)] from which we
obtain Tk = 0.144.
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reason. To overcome these limitations, higher-order ex-
pansions of the tunneling Hamiltonian are required, as
performed by a variety of cases in literature [106-120].

We have therefore reviewed a newly proposed ME ap-
proach (and its n-resolved version) termed as SCBA-ME
(under the self-consistent Born approximation when ex-
panding the tunneling Hamiltonian). The basic idea is
replacing the free (system only) Green’s function in the
second-order self-energy operator by an effective propa-
gator defined by the second-order ME. We found that
the effect of this simple improvement is remarkable: it
can recover not only the exact result of (any) noninter-
acting transport under arbitrary bias voltage but also
describe the cotunneling and nonequilibrium Kondo ef-
fect in Coulomb interacting systems.

Finally, we mention that a similar idea of modifying
the free propagator in the tunneling self-energy diagram
by a dressed one was implemented also in a couple of
recent studies [118-120]. In Ref. [120], the specific An-
derson impurity model was solved heavily based on a
diagrammatic technique, but lacking a general formula-
tion of basis-free master equation. In Refs. [118, 119],
owing to inappropriately treating the dressed propagator
as a Markovian-Redfield generator, problems occurred
as mentioned in the concluding remarks in Ref. [119]:
“ ... However, note that many important effects due
to strong correlation between the molecule and con-
tacts observed at low temperatures (e.g., Kondo) cannot
be reproduced within our scheme. We find that our
scheme becomes unreliable in the region of the param-
eters where coherences in the system eigenbasis (i.e.,
coherences introduced through nondiagonal elements of
molecule-contact coupling matrix I") are bigger than the
inter-level separation and on the order of the diagonal
elements of the molecule-contact coupling matrix I'”.
Remarkably, the SCBA-ME approach reviewed in this
work overcomes all these drawbacks.
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