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A quantum dot (QD) system provides various quantum physics of nanostructures. So far, many types of
semiconductor QD structures have been fabricated and investigated experimentally and analyzed theoretically.
Presently, QD systems have attracted considerable attention as units for the qubit system of quantum computers.
Therefore, it is vital to integrate QD systems as measurement devices in addition to qubits. Here, we theoretically
investigate the side-QD system as a measurement apparatus for energy levels of the target QDs. We formulate
the transport properties of both three and five QDs based on the Green’s function method. The effects of the
energy difference of two side-QDs on the measurement current are calculated. The tradeoff between the strength
of the measurement and the back-action induced by the measurement is discussed. It is found that the medium
coupling strength of the three QDs is appropriate for reading out the difference of the two energy levels.
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I. INTRODUCTION

Quantum dot (QD) systems have been providing vari-
ous topics in quantum physics for electronic systems. The
interference between QDs and channel electrons is an impor-
tant phenomenon that characterizes the transport properties
of the system. The great developments of semiconductor
nanofabrication processes enable experimentalists to directly
observe the nanoworld by using the abundant technologies
of the miniaturization of semiconductor devices. Numerous
excellent experimental works have been carried out in this
mesoscopic field [1-10]. Recently, many QD systems have
become a target structure of spin qubits because spin qubits
enter into their development phase with many QDs [11-14].
Thus, the transport properties of many QDs are of newfound
interest in several fields of physics and engineering.

In QD systems, the changes in energy levels of QDs to
external controls are very small, and detecting energy levels is
very difficult [15-19]. Generally speaking, we can obtain the
knowledge of the energy levels indirectly through the current
line attached close to the target QDs. In addition, we have to
consider the effect of the back-action by the measurements. In
order to obtain strong signals, the coupling between the tar-
get structure and the measurement structure should be large.
However, the strong coupling to the target structure tends to
destroy the coherence of the system. The tradeoff between the
measurement and the back-action is an important issue.

In this study, we theoretically describe how to measure the
difference between the energy levels of two QDs by using
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the side-QDs system. We focus on the measurement of the
QDs in the side-QD system, as shown in Fig. 1. In the con-
ventional side-QD structure [Fig. 1(a)], the arrangement of
QDs is symmetric to the center current line [S3-QD3-D3 in
Fig. 1(a)], therefore, we cannot judge which of the QDs has a
higher energy level when we measure only the current of the
structure in Fig. 1(a). However, we can distinguish the two
QDs by adding two other current lines, as shown in Fig. 1(b).
For distinguishing the two energy levels, it is sufficient to
compare the currents separately. For example, by switching
on the current line 1 while the other two current lines are
switched off, the current line 1 reflects only the energy levels
of the QD2. By combining this with the case where only the
current line 3 is switched on, we will be able to judge which
of the QD2 and QD4 has a higher energy level. Similarly,
we can use the case where the current line 5 is switched on
while the other two currents are switched off. On the other
hand, when the three currents flow at the same time, we can
consider an interesting process that does not appear for the
separate current detection. When the three current lines are
simultaneously switched on, new current passes are generated
from the source Si to the drain Dj (i # j) through the QD
between the two current lines. It is expected that these passes
enhance both the measurement and the back-action. We nu-
merically calculate the transport properties of Figs. 1(a) and
1(b), and discuss the tradeoff of the coupling strength and
the back-action. Hereafter, we call Figs. 1(a) and 1(b) as the
“three-QD” and “five-QD” cases, respectively.

The side-QD structures have been mainly investigated as
the typical setup for observing the Fano effect, in which the
current shows a dip via the interference between the energy
level of the QD and the channel current [5-10,20-26]. More-
over, the side-QD structures with two QDs have been called
the two-impurity Kondo effects. In the early research, the
energy levels of the two QDs were the same [27-30], and
recently the difference of the two energy levels is treated to

Published by the American Physical Society


https://orcid.org/0000-0002-1373-2812
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.106.125401&domain=pdf&date_stamp=2022-09-01
https://doi.org/10.1103/PhysRevB.106.125401
https://creativecommons.org/licenses/by/4.0/

TETSUFUMI TANAMOTO AND TOMOSUKE AONO

PHYSICAL REVIEW B 106, 125401 (2022)

FIG. 1. Quantum dot (QD) system considered in this study. In
each figure, the center circles show the QDs, and the voltages are ap-
plied between the sources Si and the drains Di (i = 1, 3, 5). (a) Three
QDs system, which includes two side QDs and one current line.
(b) Five QDs system, which includes the three current lines. I'{ and
W;; are the tunneling couplings between the electrodes (¢ = L, R)
and the QDs and those between two QDs, respectively (i =1, 3,5,
Jj=2,4) [see also Egs. (1) and (2) in the main text]. This study
targets the detection of the energy levels of QD2 and QD4. The
right-hand sides of the current lines in (b) can be switched on and
off to select the currents. By choosing the current lines, the relative
energy level between QD2 and QD4 can be detected.

be more widely. In [31], the resonant tunneling effect through
the two impurity energy levels was discussed, and it was found
that a significantly narrowed peak structure superimposes over
a broad peak structure because of the coupling between the
energy levels and the electrode. In addition, the conductance
is sensitively affected by the difference in the impurity energy
levels. These results are analogous to the Dicke effect in
quantum optics [32], where fast and slow relaxation modes ap-
pear owing to the interaction between the coupled relaxation
channels. Similar effects have been extensively discussed for
electrical conduction in mesoscopic systems [33]. In two-side
QD systems, the Dicke-type effect has been discussed in terms
of the Kondo effect [34-39].

The structure of many QDs with many current lines will be
required in the integration of the semiconductor qubits. This
is because packing qubits and the detection current line into a
small area will be important to maintain the decoherence time
of the system. The detection of the energy difference between
the two QDs is required in many cases of quantum computing
systems. The first example is the detection of the gradient
magnetic fields [26,40,41], which is important to control the
qubits individually. When the magnetic fields change depend-
ing on the position of the QDs, the Zeeman energy levels
change accordingly. It is expected that experimentalists can
infer the magnitude of the energy difference of the QDs by
measuring the transport properties. Then, the side-QD system
could be implemented to estimate the energy differences as
a candidate of the measurement system. The second example
is the detection of two qubits in the FINFET(Fin Field Effect
Transistor) structure [42,43]. In [43], QDs embedded between
the channel of the FINFET work as the qubits. The results of

the final qubit state affect the energy levels. In the spin qubit
system, it is important to detect whether the two qubits have
the same spin directions (both | 11) or | | |)) or opposite spin
directions (| 1) or | | ).

This system can also be used to the third example where the
electric field is applied across the vertical direction of the QDs
in Fig. 1. When there is an applied voltage across the QD1-
QD2-QD3-QD4-QD5 via some insulators between the QDs
and the additional electrodes (not shown), we can expect the
gradient changing energy levels. By this vertical electric field,
the interference between the QDs and the channel electrons
can be controlled, and the current reflects the different energy
levels. Thus, we aim to study how the current characteristics
of the channel reflect the difference of the energy levels of two
QDs.

We use the Green’s function methods developed by
[44,45], which enable us to formulate the current charac-
teristics. The formulation of the five QD system is very
complicated and, therefore, it is better to observe the char-
acteristics of the system without the Kondo effect. Moreover,
it seems that it is not easy to experimentally observe the two-
channel Kondo [46,47]. In this study, we neglect the Kondo
effect and onsite Coulomb interaction in each QD.

The rest of this study is organized as follows. In Sec. II,
we show our formalism using the standard Green’s function
method. In Sec. III, we explain our measurement setup. In
Sec. IV, we show the numerical results of our method. In
Sec. V, we discuss our results. In Sec. VI, we summarize and
conclude this study.

II. GREEN’S FUNCTION METHODS

We investigate the transport properties of both the three and
five QD systems depicted in Fig. 1. The formulation of the
three QD systems is the case W, = 0 = Wis of the five QD
system. Thus, we derive the formula of the five QD system.
The Hamiltonian of the five QD system is given by

5
H=Y"Y"Edid+Y " Y > > E.ch ci.s
1

s i= s i=1,3,5a=L,R k,

+ Z Z Z Z [Vka»svicjku,sdis +th,s,idi1;cikms]

s i=1,3,5¢=L.R k,
4
+ ) > Wiini(didisr s+ He), ()
=1 s
where cl.TkJ (cixs) creates (annihilates) an electron with mo-

mentum k and spin s in the i leads (i = 1, 3, 5), and dIL (dis)
creates (annihilates) an electron in the QDs (i =1,...,5).
We assume that there is one energy level in each QD. The
coupling coefficients of the leads to the QDs are given by

o 2
T(@) =21 Y |[Vini| 8(0 — Ex,). )
ko
We also assume that I'f*(w) = l‘l‘."T (w) = Ffi(a)).

Following [44,45], the current /;; of the ith left electrode
is derived from the time derivative of the number of electrons
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Np=). ks Cjkl‘xcik,_s by the left electrode, given by

dN;p ie
Li(t) = —el —=) = ——([H, Ni]),
L(t) €< o > P ([ L1)
ie .
- h [VkL“( lkLSd ) VkLSvi<disCikL3)]
kL,S
= —Relka“,de e z)}
kL s
2e -
=~ | dERe ;Vk,“deciku(E) NG)
where
G e, (1, 1) = ilch (dis(@)), %)
c,kwd t,1) = l(du(t Cik,s(2)), (®)]
and
Grooa 1) = =[Gj o, @.D]". ©6)

We assume that the total current is conserved between the
source (left electrode) and drain (right electrode) which means
that the left-electrode currents I;; and the right-electrode
currents Iig (i = 1, 3, 5) satisfy the relation I, = —I where
Io = ) i_1 3.5l for @ = L, R. Then, we can express the cur-
rent through the device by I = (Ip +11)/2 = (I, — Iz)/2 =
Zi=1,3,5(IiL — I;g)/2. Hereafter, we also assume that the spin-
flip process is neglected, and the suffix s is omitted.

The Green’s functions are derived using the equation of
motion method [45]. For example, the time-dependent behav-
ior of the operator d;(¢) is derived from iﬁ% = [H, d;(1)],
and we have

wdi(w) = [H, di(»)]. (N

As shown in the Appendix C and D, by combining various
pairs of the operators, all Green’s functions are obtained.

The Green’s functions of the electrodes (¢« = L, R) are the
free-particle Green’s functions given by

g5 (k, w) = 2mif (Er,)8(w — Ex, ), ®)

g (k, a))—2m[f( )— I]S(w—Eku), ©)
1

8ok, ) = m (10)

where f(¢€) is the Fermi distribution function. We define the
Fermi energy Ef as that of the source electrodes. The Green’s
functions of the QDs are given by

&) = 1/[w — E; — E{(w)]

w—E — Aj(w) — bi(w)*
(11)

[a) E, — A; (a))]2+I‘2/4 Di(w )
Di(w) = [0 — E; — Ai(0)]* + T} /4, (13)

|Vk l| i
pIE = A; I, (14
M) = § Zw E i = M@F 0 a4

Vi..il?
F=TE TR Ay= Y3 il g5
a kg w_Ek‘X
= 8ui(@)Z (0)gg;(w)

_ il fu) + TR fr@)]
T [w—E — Ai(0)? +T2/4

g;i(a))

(16)

where A;(w) is assumed to be constant and included in E;
in the following. The Fermi distribution function fi,(w) is
given by fiq () = {expl(® — o)/ (ksT)] + 1} (kp, pta, and
T are the Boltzmann constant, the chemical potential of the
« electrode, and the temperature). After the long derivation
process, the retarded and advanced Green’s functions Gg;; (r
and a are omitted) are given by

Gt [1—caz(wml—Ac:uw)]—@Aw)gdl A
Guz1(w) = wwuwzscn(w)g(ﬁ(w), (18)
Gust(@) = W‘2W23232(”ivcv43ws“c5“(‘”)gd1(w), (19)
Gai3(w) = %WBWIZCIZ(w)gﬁ(wL (20)

Guss(w) = B C“(‘”)i[: — @l @, @

Gass (@) = %W“Wsé‘cﬂ(w)gds(w), 22)

Gats(@) = W“SW3“C34(‘”ZV23W”C‘2(‘”)gd5(w), 23)

Guzs(w) = W“SW“C“EC_ Ol @), 4

Gres(e) [1434@)][122@)] Ca@) o 0s)
where

Cij = WijI*gaigaj. (26)

A =[1 - Csq](1 = Cp — C2) — G34 + C12Cag. (27)

In addition, when three Green’s functions A, B, and C have
the relation of A = BC, the lesser Green’s function A< can be
derived from [44,45]

A=(E) =B (E)C=(E)+ B~(E)C(E). (28)

The derivation of the lesser Green’s functions is more com-
plicated than that of the retarded and advanced Green’s
functions. After the long derivation process using Eq. (28),
we have the current formula for the five QDs, given by
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(see Appendix D)
e [ do | [WiaWiWsWssl? 1
I=— / P 3 Fiosas +
h 2 |Ar| DD>D3D4Ds5

(1 - ) (1=cp) =l

Fss(w) +

|1 — Cf2|2 |WagWss |

11— C§4|2 [Was W, |2

2
FAVA

[(1-cp) (1 —cg) - ¢l

D3D4Ds |AZ]2 D\D,Ds

1 -cul i -cpf

|A§|ZD5

where Fj;, F12345, F123, and F34s are defined in the Appendix D.
When W), = Wys = 0 in Eq. (29), we have the current of the
three QDs [Fig. 1(a)], given as

e e /‘ dw F§F§
T hJ 27 [1—Cs — CulDs

The density of the states (DOS) is calculated by

[fs(@) — far(@)]. (30)

1
ple) = —;Im[G;m(e) + Gly3(€) + Gss(©)]. (3D

In the following, we mainly show the results of 7 — 0 limit,
where df(e)/de — —8(e — EF).

III. CIRCUIT DETECTION

We would like to detect the difference of E, and E4 by
using a simple circuit. In a conventional circuit, the voltage
signal is better for output than the current signal. In order to
transform the current change into voltage change, the addi-
tional resistor Rp is set to the drain part of the QD system.
Here, we consider a simple measurement system, as shown in
Fig. 2, where Ohm’s law leads to the following relation:

Vp = IpRp + Vour- (32)

The current I is the function of the Vqy; thus, this equa-
tion should be solved self-consistently. However, by assuming
that the applied voltages are low, and using Ip = oV, We

FIG. 2. Simple setup of converting the current change of the QD
system into voltage change for both (a) the three QD case and (b) the
five QD case. We take the resistance Rp as the same order of the QD
system, such as Rp = 25.8 k.

|A§|2D1

Fi(w) +

F(w) ¢, (29)

r

A

"D

(

have

1
Vour = ————Vp. 33
‘= ThoRry"? (33)

In order to effectively reflect the change in o, the resistor
should be in the order of o ! such that

Rp =1/ ~ Ii/(2€%). (34)
The amplifying rate is given by

dVOm _ RD dU V
dlE; —Es]  (14+0Rp)dlE,—E4] *

(35)

In Fig. 1(a), we take ¢ = o3, and in Fig. 1(b), we take 0 =
> i=1.3.5 Oi> where o; is the conductance of the ith current line.
The relation between the conductance o; and the transmission
coefficient 7; is given by

2 2
o = %7’ (36)

The shot noise is simply estimated by [48,49]
s 3 T = Tlev| (37)
- ﬂh i 1 A e ’

where the sum is taken for i = 1, 3, 5 for the five QD case and
only i = 3 for the three QD case, respectively. The measure-
ment time is defined by [50]

oo @rn?
meas = 4S ’

(38)

where we take Al as the difference of the current from that
at E, = E4. Moreover, we exclude the region of Al =0 in
the numerical results below. In the calculation of the noise
power S, we need the concrete value for the applied voltage
Vp. For Vp = 10 ~ 100 ueV [1,2], the current [ is in order
of I ~Vp/[2Rp] ~ 0.17-1.7 nA, where approximately 10—
100 electrons flow per 1 ps. Here, we assume Vp = 8 ueV.
Regarding the values for the I', I' = 0.5 neV is used in [1],
andT" = (3 ns)~!is used in [2,3]. Here, we take I’y = 10 ueV
as the unit of the I', and Er = 4.5T). From Refs. [44,45],
the QD connected to two electrodes shows the resonant tun-
neling behavior in which the current has a peak when the
bias voltage becomes larger than the energy level of the QD.
Thus, the linear approximation (33) is appropriate for E; >
Vb, which corresponds to the region other than the neighbor
of (E,, E4) = (0,0) in the calculations of Sec. IV because
Vb < EF.
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Back-action

Usually, it is assumed that the energy levels of QDs are not
changed. However, the energy levels of QDs are changed in
several situations. For example, it can be considered that there
are trap sites near the QDs, and the charge distribution of the
trap site changes depending on the externally applied voltage.
In addition, we can consider the case of [43,51] where the
energy levels are affected by the directions of the spins that
fill the lower energy levels of the same QDs. In these cases, it
is natural to consider that both E, and E4 are changed by the
measurements. Thus, it is meaningful to analyze the effect of
the measurements on those energy levels. Because the change
of the energy levels affects the electronic states of electrons,
it is related to the decoherence effect. In many literatures, the
decoherence effects have been analyzed regarding the noise
effect on the coherence. However, the detailed noise analysis
of the qubits is complicated and requires a lot of experimental

J

2 2

data [4]. Here, we consider that the decoherence in QD2 and
QD4 is induced by the measurement of the currents 1, 3, and
5. That is, it is possible that electrons in QD2 or QD4 lose
their coherence while they move back and forth to the channel
QDs 1, 3, and 5. We simply describe the decoherence time
caused by the interaction. This process can be described by
the golden rule [52], where the last term of the Hamiltonian
(1), Hig(t) = Y0 S Wi [d] (t)di1 (1) + Hec.l, is treated
as the perturbation term, and the nonperturbated terms are
those of the current lines S; — QD; — D; (i = 1, 3, 5). Then,
the relaxation rate ['i¢jox can be defined by

1 [* )

[relax ~ ﬁ/ dt e_lwmr(Hint(T)Him(O))s (39)
—00

where wg; = |E, — E4|. The decoherence time f4.. is de-

fined by fgec = Frgllax. The final form of #4 is given by (see

Appendix A)

— |‘/Vi,i 1|2 dE/ < > < / >
tdel ~ Z hs [gd,-(e’ + wOl)gdiH(e/) + gdi+1(6 + CUOl)gdi(e/)]

[Wio|?

TEfL(Ey + wor) + TR fr(Ex + wor)

=1 —f(Ez)]<

" [E) +wor — Ey — Aj(Ex + wor)]? + T3 /4
[Wia|? TE[1 = f(Es — wo1)] + TR[1 — fr(E2 — wo1)]

+ (1 — 3))

+f(E2)<

[Was|?

R [Ey—wo — El — A(E> — wo)]? + T7/4
T4 fL(Es + wor) + TX fr(Es + wor)

+(1—>3))

+(1 —f(E4)]<

R [Es+ wor — E3 — A3(Eq + wo))]? + T3 /4

[Wasl? T5[1 — fr(Es — wo)] + TX[1 — fr(Es — wor)]

+(3—>5)>

+f(E4)<

Here, f(E;) and 1 — f(E;) mean that there is an electron in
the E; level and that there is no electron in the E; level,
respectively (i = 2,4). In order to treat an average case, we
take f(Ey) = f(Ey) = % in the following calculations.

IV. NUMERICAL RESULTS

For simplicity, we assume the uniform case of W;;(=W)
and I';(=T) at zero temperature (T = 0). The effects of the
nonuniform parameters and the finite temperature are dis-
cussed in the Appendix B. When we use QDs 1, 3, and 5, with
their electrodes as the measurement structure to detect the
energy levels of QD 2 and 4, the magnitude of W compared
with I can be regarded as the strength of measurement. Thus,
we can distinguish the following three regions: (1) strong
measurement of W > T" (Figs. 4 and 5), (2) medium measure-
ment of W =~ I' (Figs. 6 and 7), and (3) weak measurement of
W < T (Figs. 8 and 9).

Since we focus on the detection of the difference of the two
energy levels, the change of the currents from those at E, =
E, is important. Thus, all numerical results are described as
the functions of E; and E4. As explained in the Introduction,
we assume that the gradient fields are generated by the ap-
plied magnetic fields or electric fields. Thus, it is appropriate
that the difference of the energy levels between the adjacent

2 [Es — wo1 — E3 — A3(Ey — w01)]> + T3 /4

+(3— 5)). (40)

(

QDs are assumed to be uniform such that § = E, — E| =
Ey; — E, = Ey — E3 = Es — E4. The following graphs show
the conductance and other detectable physical values, aim-
ing that the experimentalists can estimate the difference of
the energy levels of the QDs from the calculated current
characteristics.

Figure 3 shows the DOS of Eq. (31) for the three coupling
regions. In the strong measurement case of Figs. 3(a) and
3(d), the central peak shows the energy level of the QD2
(we fix E, in the calculation), and the other peaks show the
coupling to the electrodes. In the medium measurement of
Figs. 3(b) and 3(e), we can see both the central sharper peak
and the two broader peaks, which are similar characteristics to
those discussed in [34,35,37-39]. In the weak coupling cases
[Figs. 3(c) and 3(f)], we observe the Fano dip structure over
the broad Lorentzian structure. When the three QD medium
coupling case [Fig. 3(b)] is compared with that of five QD case
[Fig. 3(e)], the peak structures are broadened. This is because
the five QD structure has additional electrodes compared
with the three QD case, and the coupling to the electrodes
makes the Lorentzian wider. In contrast, for the weak cou-
pling case, there is no significant difference in both the three
QD case and the five QD case. This is because the coupling
between the channel current and the electrodes is weak, re-
sulting in the smaller effects of the additional electrodes of
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(a) 3-QDs:strong (b) 3-QDs:medium (c) 3-QDs: weak
1.5 A 0.3 1 0.15 A
=~ 1.0 0.2 1 0.10 A \
4 N
Qo5+ 0.1 0.05 1
0.0 , ‘ : J . - 0.0 . . . . . 0.00 - . : i ‘
00 02 04 06 08 10 12 00 02 04 06 08 10 1.2 0.00 0.25 0.50 0.75 1.00 m— 5/E|:=02
_ — §/E=0.4
(d) 5-QDs:strong (e) 5-QDs:medium (f) 5-QDs: weak — §/E=0.6
0.5 0.5 )
1.5 A
0.4 0.4 4
=~ 1.0
H-l__ 0.3 - 0.3 1
Qos
0.2 4 0.2 A
Ry mm e — 0.1 —_— 0.1 —_—
00 02 04 06 08 10 12 00 02 04 06 08 10 1.2 00 02 04 06 08 1.0 1.2
E/E. E/E. E/E.

FIG. 3. The density of states (DOS), Eq. (31), for (a), (d) the strong measurement case of I' = 0.2y and W = 2I'y, (b), (e) the medium
measurement case of ' = W = I'y, and (c), (f) the weak measurements case of I' = 2I'y and W = 0.2T"y. I’y = 10 eV and E,/Er = 0.5.
(a)—(c) For the three QD case. (d)—(f) For the five QD case.

the five QD structure. The effect of the increasing detun- Figure 4 shows the transport properties of the strong mea-
ing § = E;;) — E; is prominent in the case of the five QD surement case. We can see that the conductances have the peak
case for the medium measurement. This is because there structures around the Fermi energy. This can be understood
are two additional QDs in the case of the five QD case by considering that the two kinds of peaks of Figs. 3(a) and

in Fig. 3(e). 3(d) overlap around the Fermi energy. Some of the outputs
(a) 3-QDs: strong (b) 3-QDs: strong (c) 3-QDs strong
—_ 1.0
&E N
Q T os
N 3
= N 07

0.6

6.0 0.6 081012
0002 MEz/EF
(d) 5-QDs: strong (e) 5-QDs: strong

o/(2e2/h)
Vout/Vp

FIG. 4. The strong measurement case of I' = 0.2I'y and W = 2I' as functions of E, and E4 for several § = (Ey — E;)/2. 'y = 10 peV
and V, = 8 peV. (a), (d) Conductance, (b), (e) Vou. (¢), (f) The noise power S. (a)—(c) Three QD case and (d)—(f) five QD case.
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(a) 3-QDs: strong  (b) 3-QDs: strong (c)

c) 3-QDs: strong  (d) 3-QDs: strong
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FIG. 5. The strong measurement case of I' = 0.2I'g and W = 2Ty, as functions of E, and Ej for several § = (E; — E»)/2. Ty =

dVout

and Vp = 8 ueV. (a), (e)

0. 5 1.0 0.0 0.5 1.0

Ey/EF E>/EF

10 neV

P /Vp. (), (f) tmeas/taec- (€), (&) tmeas- (d), (h) tgec. (a)—(d) Three QD case and (e)—(h) five QD case. The dotted

lines in (b) and (f) indicate the boundary of the effective measurement #,eas < fgec-

Vout become the half of Vp. A comparison of Figs. 4(c) and
4(f) shows that the coupling of the five QD case induces
a larger noise than the three QD case. This is because of
the three current lines attached to the QDs for the five QD
case. In addition, owing to the fact that the coupling I" to
the electrodes is weaker than the coupling W to the QDs, the

Y

(a) 3-QDs: medium

1.0
0.9
0.8
0.7
0.6
0.5

o/(2e2/h)
Vout/VD

o/(2e?/h)
Vout/VD

20406081012

E,lEF

0.0 0.

FIG. 6. The medium measurement case of I' = W = I'j as functions of E, and E, for several § = (E, — E;)/2. [y =

(b) 3-QDs: medium

™60 02040

(e) 5-QDs: medium

0.0 0.

shot noises [Figs. 4(c) and 4(f)] are smaller than those of the
following medium measurement case. Figures 5(c) and 5(g)
show the measurement times. Here, in the calculation of ey
[Eq. (38)], we exclude the line around E, = E4, which results
in the divergence structures in Figs. 5(b), 5(c), 5(f), and 5(g).
The dot lines in Figs. 5(b) and 5(f) show the boundary lines

(c) 3-QDs medium

S/(2e2V/h?)

6081012

EolEr E,/EF

50406081012

E,/EF

20406 0.81.012

E,/EF

0.0 0.

10 pneV and Vp =

8 ueV. (a), (d) Conductance. (b), (€) Vou. (c), (f) The noise power S. (a)—(c) Three QD case and (d)—(f) five QD case.
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(a) 3-QDs: medium

(b) 3-QDs: medium (c) 3-QDs: medium (d) 3-QDs: medium
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FIG. 7. The medium measurement case of I' = W = I'j as functions of E, and E, for several § = (E4 — E>)/2. 'y = 10 eV and Vp =
8 ueV. (a), (e) —Lou /Vp. (b), (f) tmeas/taec (€)s (&) tmeas- (d), (h) fgec. (2)—(d) Three QD case and (e)—(h) five QD case. The dotted lines in

d(Er—Ey4)

(b) and (f) indicate the boundary of the effective measurement #eas < fgec-

of the effective measurement where the setup of fieas = fdec narrow regions for the condition fyeys < fgec- In the case of
is meaningless because before obtaining the information of the five QD case [Fig. 5(f)], the effective measurement region
the energy levels of QD2 and QD4, the electrons dephase via becomes much narrower. Note that, in Figs. 5(b) and 5(c), the
the back-action of the measurement. In the three QD case overlap of the small #;,.,s regions come from Eq. (38) where
[Fig. 5(b)], it is seen that the strong measurement has the the conductance, Fig. 4(a), and the noise power, Fig. 4(c),

(a) 3-QDs: weak

o/(2e?/h)

o/(2e?/h)

0

(b) 3-QDs: weak (c) 3-QDs weak

Vout/Vp

00204 0.6 0.8 1.0 1.2

2lEF

1.0
0.9
0.8
0.7

00204 0.6 0810 1.2

0.0 02040608 1012

2 E,lEF

0

FIG. 8. The weak measurement case of I' = 2"y and W = 0.2I" as functions of £, and E, for several 6 = (E4 — E;)/2. Ty = 10 pueV and
Vp = 8 neV. (a), (d) Conductance. (b), (e) Vou. (), (f) The noise power S. (a)—(c) Three QD case and (d)—(f) five QD case.
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FIG. 9. The weak measurement case of I' = 2I'g and W = 0.2T as functions of E, and E, for several § = (E4 — E»)/2. [y =

dvnul
—Ey)

Vp = 8 neV. (a), (e)

d(Ep

10 peV and

/Vp. (), () timeas/taec- (€)s (&) tmeas- (d), (h) f4ec. (2)—(d) Three QD case and (e)—(h) five QD case. The dotted lines

in (b) and (f) indicate the boundary of the effective measurement #,ne,s < Zgec-

shows similar behavior. A larger change in Vo as the func-
tion of the difference between E, and E, is desirable. In this
meaning, the strong measurement case shows the large V,,, for
some parameters. However, it seems that the corresponding
strong measurement cases such as E4/Er < 0.60 do not hold
the condition for the effective measurement condition.

Next, we consider the medium measurement case shown in
Figs. 6 and 7. In case of the three QDs, it is observed that the
conductance [Fig. 6(a)] decreases before the Fermi level, and
increases at the Fermi level. This wall-like structure around
(Ey, E4) = (EF, EF) of Fig. 6(a) can be partly explained by
considering the zero points of the denominator of Eq. (30)
given by

*

b} b
—|=~0, 41
D, Dy

where bi(w) =w —E; +il;/2 and D; = [ — E;]* + y/?
(y; = T'i/2). The imaginary part of Eq. (41) leads to

(1 —Cy — C3r4)D3 =b; - Wz[

V3 V2 Ya
A + . 42
WV - BP Bt
For I'; = W, Eq. (42) satisfies cos’ 0, + sin? 0, = 1 if we take
y2 = y4 = 2W and
w— E, =2W tanf,, 43)
w— Ey =2W cot6,. (44)

The real part of Eq. (41) leads to 6,
E; — E;

~ m /4 by considering
= E4 — E5. From Eqs. (43) and (44), we obtain

(0 — Ex)(w — Ey) = 4W2. (45)

This equation means that the maximum current, which cor-
responds to the region where the denominator of Eq. (30)
is around zero [Eq. (41)], is observed when E, and E; have

the relation y o« W?/x from the viewpoint at the origin of
(x,y) = (Ef, Ep). Compared with the three QD case, the
results of the five QD case has a peak structure [Fig. 6(d)].
This is because of the complicated structure of Eq. (29). Note
that the wall-like structure can also be seen in the strong
measurements [Fig. 4(a)]. Because W = 2I'j in the strong
measurement is larger than that of the medium measurement,
the wall-like structure of the strong measurement is far from
the Fermi energy and close to (0,0).

Figure 6(b) shows that the large change of V,y, can be
seen around the wall-like structure for the three QD case, and
Fig. 6(e) shows that V,,, changes prominently away from the
diagonal line of E, = E4 Accordingly, Figs. 7(a) and 7(e)
show the large rate of . /VD around the middle of the
Fermi surface (E4/Ep ~ O 77) Compared with Figs. 7(a) and
7(e), the three QDs have a higher amplifying rate. It is seen
that Vo, changes more than 0.5 Vp when E, changes for a
fixed E4 for the three QD case. From Figs. 7(d) and 7(h),
the decoherence time of the three QD case is a little longer
than that of the five QD case. Here, the abrupt change of 74,
comes from the definition of |wyg;| in Eq. (40) (see Appendix A
and Fig. 11). When the measurement time of the three QDs
[Figs. 7(b) and 7(c)] is compared with that of the strong
measurement case [Figs. 5(b) and 5(c)], the effective measure-
ment region (fpeas < fdec) becomes larger. The comparison of
d(gzv‘fb 5 /Vp of the medium measurement case [Fig. 7(a)] with
that of the strong measurement case [Fig. 5(a)] indicates that
the medium measurement case will be better than the strong
measurement case. In the present parameter region, there is
no effective measurement region for the five QD case in the
medium measurement [Fig. 7(f)]. Thus, the side-QD setup
of Fig. 1(a) might be a good measurement apparatus for the
energy levels of the two QDs, whereas the five QD case is
meaningless in the present parameter region.

uul
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FIG. 10. The transport properties, where only the left current channel 1 is switched on. (a)-(c) For the medium measurement case
(' =W =T)), and (d)—(f) for the weak measurement case (I" = 2"y and W = 0.2I"j). (a), (d) Conductance. (b), (€) V. (c), (f) The noise

power S. 'y = 10 peV and V, = 8 ueV.

As seen in Fig. 3, the weak measurement case shows the
Fano dip structure, and the conductances [Figs. 8(a) and 8(d)]
reflect the corresponding dip structures around Er. Vo, shows
sharp changes around Er in both Figs. 8(b) and 8(e). The
decoherence time of the three QD case is a little better than
that of the five QD case [Figs. 9(a) and 9(e)]. In contrast,
the five QD case has wider effective measurement region of
meas/tdec < 1, compared with the three QD case [Figs. 9(b)
and 9(f)]. It is considered that the multiple current passes of
the five QD case help the effective measurement in this weak
measurement region. In addition, if we increase Rp more than
Eq. (34), it will be possible to increase the rate d(gzvj‘b) /Vp in
the region of the small conductance from Eq. (35).

Figure 10 shows the case where only the current channel
1 of Fig. 1(b) is switched on. In this case, the current reflects
only the energy level of the QD2. The conductance behaves
differently from the numerical results mentioned above, and
by comparing the current where only current 3 is switched on,
we could distinguish which of the energy levels between QD2
and that of QD4 were larger.

V. DISCUSSION

As an application of the present structure, we think that
our setup can be used to distinguish the two Zeeman energies.
Let us estimate the concrete values of the energy difference
of the Zeeman energies shown in [40] and [41]. The gradient
magnetic field in [40] described the 30-mT magnetic field
gradient between two QDs approximately 100 nm apart, and
0.08 mT/nm in [41], which corresponds to the 8 mT between
the two QDs 100 nm apart. When we estimate the Zeeman

energy for the magnetic field gradient AB, (T) by AE; =
gupAB, with gsi =2 (ggaas = —0.44) and up = 5.789 x
1073 (eV/T), the energy difference of AB, = 30 mT corre-
sponds to AE; = 3.47 ueV for Si and AE; = 0.1735 peV
for GaAs. Thus, these energy-level differences are in the same
order of the present unit of the energy levels by I'y = 10 ueV.
Then, from the numerical results mentioned above, if we
investigate detailed conditions, it will be possible to find the
appropriate measurement time region. The direct comparison
with experiments is the future issue.

Here, in order to remain in the linear region of Eq. (33), we
have shown only the small V), case, which is in the range of the
mesoscopic experiments [1,3,7]. It is seen from Eq. (38) that,
as Vp increases, the effective measurement region becomes
wider. To directly connect the readout to the conventional
complementary metal oxide semiconductor (CMOS) circuits
[53], which is in the order of meV, we need to consider the
meV region of Vp. It will be necessary to clarify the region
in which the linear approximation (33) is kept by solving the
nonlinear equation of Eq. (32). In any way, the numerical
results change depending on the parameter regions, and to
directly compare the numerical results with experiments, we
need to adjust the parameters. These are near-future problems.

VI. CONCLUSION

We have theoretically investigated the three and five QD
systems as the measurement system of energy levels of inter-
nal QDs by considering the additional small circuit to convert
the current changes into voltage changes. We observed that
depending on the coupling strength of the measurement part
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and the targeted internal QDs, the conductance, noise, and
output voltage change. We have also estimated the measure-
ment time and the decoherence time, and showed the tradeoff
between the measurement strength and the decoherence time.
It was found that the medium measurement region of the
three QDs is relatively good for the detection of the difference
between two energy levels. It was also found that the three
QD case shows a wide range of effective measurement regions
compared with the five QD case.
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APPENDIX A: DEPHASING RATE
The dephasing rate described by the golden rule [52] can

be calculated from the correlation function (H,(¢)Hin(0)),
which is given by
(Hint (1)Hin (0))

= < > Wisrd] Odi 1 (6) + Wiy di, (0di(0)]

ij
x [W.j41d] (0)d;11(0) + W}y dl (0)d; (0)]>
= Z Wi 124} (1)di(0)) (diy 1 (1)d], , (0))

+ Wi (] (0)dig 1 (0))(di(0)d] (0)

= Z Wi P18 (=871 (1) + 871 (—)g:(0)]

DWM ff

gdl(e)gdl-i-l (E )

+ 831 (g (N . (AD)
Then, the relaxation rate is given by
| I ,
Pt ~ / dT & (Hy () Hi(0))
W J -
WVI 1+1 |
= Z —[gd,(e + 6001)gd,+1(€ )

+ 8541 (€ + @o1)gg; (€] (A2)

The abrupt change 74 originates from the definition of wy;.
For E, > E4, wy; = E, — E4, and we have
Ey + wo1 = 2E; — E4, E; — w1 = E4, (A3)

Ey + wor = Bz, Ey — wo1 = 2E4 — Es. (A4)

[sul”®P2
[sul>®P3

FIG. 11. 3D view of the decoherence time for the medium mea-
surement case of ' = W =Ty for 'y = 10 ueV and Vp = 8 ueV.
(a) The three QD case and (b) the five QD case. The abrupt changes
of Figs. 7 and 9 come from Eqs. (A4) and (A6).

For E, < E4, wy; = E4 — E,, and we have

E> + wo1 = E4, Ey — wo1 = 2E; — Ey, (AS)

E4+ wo = 2E4 — B>, E4 — wo) = E;. (A6)

The bird’s-eye views of 4. are shown in Fig. 11.

APPENDIX B: EFFECTS OF VARIATIONS
AND TEMPERATURE DEPENDENCE

It is not easy to fabricate the nanometer-sized structures,
and the size variations of structures are inevitable. Here, we
show a couple of numerical results regarding the effect of
the variations by comparing with Figs. 7(a)-7(d). In Fig. 12,
we have introduced the variations on I'Y and W;; by adding
the randomness. The concrete values are listed in Table I.
We can see the 20% variations greatly shift the appropriate
measurement regions.

Figure 13 shows the conductance at finite temperature.
Other than the magnitude of the conductance, the dependence
of E; and E4 on the conductance is similar to those for the
T = 0 cases in the main text. The detailed temperature depen-
dence is a future issue.

APPENDIX C: GREEN’S FUNCTIONS FOR THE QDs

In this Appendix, we show the derivation of the Green’s
functions based on the equation-of-motion method. From
Eq. (7), we have the equations like

(w—E)d; = ZV;;,]CU(L + ZVk’;,lclkR + Wiad,. (C1)

kr, kr

TABLE I. Concrete values used in the effect of variations.

10% 20% 10% 20%

(dashed dotted)  (dashed dotted) (dotted) (dotted)
s/ 1.092 1.158 1.057 1.066
/T, 1.073 0.931 1.056 0.892
W3 /T 0.901 1.104 1.011 1.111
Wiy /T 1.035 0.989 1.089 1.148
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FIG. 12. The effects of the variations of I'Y and W;; in the medium coupling of the three QD system. We take I' = I'o(1 + §g%) and
W;; =W + éw;j) (@ =L, R) where g% and dw;; are random numbers. I'; = 10 ueV and Vp = 8 ueV. (a) 10% randomness (—0.1 <
8g%, dw;; < 0.1). (b) 20% randomness (—0.2 < 8g7, dw;; < 0.2). Solid lines correspond to the uniform cases [Figs. 7(a)-7(d)]. The dashed
dotted and dotted lines are the results of two types of random numbers. The dashed red lines in (b) and (f) indicate the boundary of the effective
measurement fyeas < fgec-

Thus, we obtain Thus, the equations between the Green’s functions of the QDs
are given as follows:
[0 — By — Z1(@)]Gyy .0, = W12Guy g, + 815, (C2)

Gain = Wi2ga1Gaz1 + 8ar, (C8)
(@ = E2)Gay,a; = W21 Gy a; + W3 Gy gy + 82,5, (C3)

G = C2Gao1 + Wa18a28a1 + Wa3ga2Gazt,  (C9)
[ — B3 — Z3(0)]Guy.0; = W32 Gy a; + W3sGaya, + 83,

(C4) Gun = C12Gua2 +Wn38a2Gazz + a2 (C10)
(w — E4)Gd4,dj = W45Gd5,d], + W43Gd3,dj + 54’j, (C5) Gz = C12Gyo3 + Wa3ganGass, (C1D)
[@ — Es — S5()]Gys.a, = WsaGgya, + 855, (C6) Gaza = C12Gaza + W3ga2Gaza, (C12)
= 1
where Gy, 4, represents Gy, 4;(®), and Gazs = CoGazs + Wasga2Gass, (C13)
Vi, il? Vie.il? Gas1 = gi3s(WGaz1 + WasGaar), (C14)
Sw=Y e e Y e )
— Dk — Dokgi
ke kg Guzr = 8a3(W32Gana + W3sGuan), (C15)
(a) 3-QDs: T/E;=0.02 (b) 3-QDs: T/E;=0.2 Guss = 8s(WnGuns + WauGaas + 1), (C16)
P Gaza = gas(W32Gaog + WaaGaaa), (C17)
Q 0.0015
© [ Gazs = 8a3(W32Gazs + WiaGaas), (C18)
G . Gas = CsaGaa1 + WazgasGas, (C19)
% i 4
ik oL olallfors 08 -6 i o5 | 0ta | 06 108k 12 Gugr = Cs4Gaan + Wa3844Ga32, (C20)
e e
Gaa3 = Cs4Gaaz + Wi3gaaGa3s, (C21)
FIG. 13. The conductances at finite temperature in the medium
coupling of the three QD system. (a) T/Er = 0.02. (b) T/Er = 0.2. Gy = C54Gyga +Wi3gaaGaza + gaa, (C22)
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Gass = CsaGaas + Wasgaagas + WazgaaGass, (C23)
Gass = Wsa8a5Gaas + 8as.» (C24)

where
gai(w) = 1/(w — E; — %;). (C25)

These equations can be solved by starting with the elimination
of Ggpiand Gyg; i =1, ...,5) such as

Waiga2ga1 . Wa3ga2Gasi

Gyl = , (C26)
T 0 -0 T a-cn)
Wa3ga2Gasz 8a2
Gim = ) (C27)
T 0 -cn) -0
Thus, we have
(I —Csq)
Gz = A—MW32W213d3gd28d11 (C28)
(1 —Cs4)
Gy = A—MW328d3gd2, (C29)
1-C 1 —-C:
Gy = ¢ 12)( 54)&13, (C30)
A,
(I1-C)
Gaza = A—IZW34gd3gd4a (C3D)
(1-Ch)
Guss = ——— 2 Wiy Wisga38448ds- (C32)
Here,
Ac=(1—-Cip—C3)1 —Csq) — (1 = C12)C34.  (C33)
Similarly, we have
1-C 1—Csy)—C
Gt = ( 32)( 54) 34&11, (C34)
A,
1—-Cp)( —Cs)—C
Gyss = ( 12)( - 34) 32&15- (C35)

There are the Green’s functions of Egs. (17)—(25) in the main
text.

APPENDIX D: GREEN’S FUNCTION FOR THE QD-LEAD
(k-d) ELEMENTS

Similar to the Green’s functions of the QDs, we can derive
the Green’s functions of the type of Gy, «,; (@) [= Gy, ¢, (@)
in Eq. (4) in the main text] based on the equation-of-motion
method as follows:

@ = Ei = X1(0)]Ga, 1, = WiaGa, i, +vi, 815, (DI)
(0 = E2)Ga, 1, = WaiGay i, + WasGay i, (D2)

[@ — E3 — X3(0)]Gay i, = WGk, + W3aGay iy, + v, 83,

(D3)
(0 — E4)Ga, i, = WasGa i, + WasGayi - (D4)
@ — Es — X5(0)]Gas k;, = WsaGa, i, + vig 855, (DS)

where (j = 1, 3, 5), and
Vi i

— D6
(w—Eg.) (bo)

vkcr“_ (a)) =
Hereafter we write the QD-lead Green’s functions Gy, 4,; (@)
as G;j, and v; = Ve, (w) for simplicity. These equations are
changed into the following:

Gij = ga1(Wi2Gyj + v16;5), (D7)

Grj = 8a2(Wa1G1j + Wa3Gs)), (D8)
G3j = gi3s(W32Gaj + W34 Gy + v3635), (D9)
G4 = gas(WysGs; + Wiz Gs;), (D10)
Gsj = gas(WsaGyj + vs). (D11)

For the three Green’s functions A(¢, t'), B(¢,t’), and C(¢, '), if
A'(t,t') = [dnB'(t,1,)C" (11, 1) is held, we have the relation

A<, t) = /dtl[B’(t,tl)C<(t1,t’)

+B=(t, 1)C(t1,1")]. (D12)
When we apply this relation to Eq. (D9), we have
Gi3 = CiGis
= W23W12€;2G3<3 + C1<2G‘1‘3 + W23W126‘1<2G(313, (D13)

G5 — [Ch + O34 ]G3y = WarWarch, G5 + Wa Wanc3, G
+ WasWsaciy Gy + WasWaac5,Gss
+[C5; + C341G5; + [8azv3]™,
(D14)

G5y — C5,G53 = WasWsac5, G + C5, G55 + WasWsacs, G5,

(D15)
where
i = (8ai8aj)"™" = & 845 (D16)
¢i; = (8ai8a))~ = 8ui8a; + 8uia» (D17)
Clit = Wyl (D18)
G = Wyl (D19)
Here, we use the expressions of Egs. (17)—(25). For example,
< a < a (1 B Cg4) < a .,a
CGh3 + WasWiaey Gy = ———WasWiae 84305,
(D20)
< a <a_(1_Cg4)<aa
WaiWs03,Gi3 + 5,633 = TC32gd3U3’ (D21)
< a < a ( B C?Z) < a
C5aGs3 + WasWsacs, Gy = — Cigapvs-  (D22)
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Then, we have where
1203; I a (1 B Cg4) a
Gy = Wy, 2o T 081 (f +ch2)ga133, (D23) s = o gV, (D25)
— 12 c
5 3 by a (1 — CfZ) a
G5 = W43W54M, (D24) 8533 = ng3- (D26)
1-Cy ¢

Thus, we have
2 [CHLCH + C55 (1 = C7y) |g45v8 — (1 — C,)Cé [gazv] ™

G3<3 = |1 _C5r4|

2

AL
2 [ChCs + G (1 — €L g vs — (1 — CL)Ceylgazvsl™ . [essvs]~
Huqﬁ““43A “&ZE( 5) Chalusvs |uqﬁucﬁj%f

< < 2 < <
2 Was P IWia 21842 P 803 (€5, v5 + &51v5) + [Waa || [85,05 — 8405 ]

=|1-C;
e ol

2 (Was |* Wsa ?[gaal?18a31(875v5 + &y5v5) + [Waal? |8d3| [g5,v§ — &%4v5 ]

+11-Cy,

|Az
L2 L2 gt'v< + g<va
+1=cL| 1 —cp) M (D27)
ALl
[
Next, we consider the derivation of Gss from Eq. (D11): Equation (D29) is changed to
1-Ci)(1—-C,) —Ck
Gis — C1,G1s = CGYs + WasWioc), G35 + WasWioer;, Gis, ( ia)( p ) = Gy G3s
(1- C12)
(D28) oo
o o = Wi G+ O (2 it + s
G5 — [Chy + C34] G35 = [C33 + C33] G5 + WarWarch, Gis (1-¢py)
+ W21W32C3<2G‘115 + W45W34C54G5<5 where
+ WysWagc o, Gos, D29 4 WasWaach a
45Ws403, G55 (D29) s = = 34 (g,505) (D33)
G5y — Cu G5y = C5Gls + WasWsach Gy MWl — o — o]
+ Wiz Ws4c5, G35 + (ga5vs)~. (D30) g = SalEa 12 326 50l (D34)
|Was|? A4
Equation (D28) is changed to Equation (D30) is changed to
< W23W126'{2 < 1<2 a (1 - C5r4)G5<5 = W43W546‘g4G3<5 + C5<4h235 + (gd5v5)<9
Gis = =cp) s + (=cp)%es (D31 (D35)
12 12 where
1-C% —C¥
where Wy = Za 32 (gasvs)”. (D36)
WasWioWys W- ¢
gl = L‘f“cﬂ (2a5v5)". (D32)  Thus, we have
[Wia| |
Wi Wy Wsy|? < < 4 - <
Gss = |A—r||gd3| |gaal*18as I {IWi21?|8a2 1 (85105 + 8519) + (85,04 — 8%v5) }
2|1 12| ro.< < .a 2|1_ 32‘ < .a a <
+ [W34Wsy| —|gd4| |gas! [8d3U5 +gd3vs] + [Ws4 —|8d5| (gd4v5 _8d4U5)
Az Az
2
1-C;)(1—-C7,) —C%
|( 34)( 12) 32| (gzsv; + g;SUg)' (D37)

|az)”
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By exchanging “(1,2)” with “(5,4)”, we obtain the expression of G (w).
Finally, we input the following relations into the above equations:

L a() — iy
8ui(®) = D) (D38)
ai(®) = w — Egi — Aj(w), D =a; + v}, (D39)
g7i(w) = iF (w)/Di(w), (D40)
F, =T fiL(w) + Tir fir(w). (D41)

As explained in the main text, from the assumption that the total current is conserved between the source (left electrode) and
drain (right electrode) such as I}, = —Ig, we can express the current I = (I, +11)/2 = (Ip — Iz)/2 = Zi:l,S,S(IiL — [;g)/2. This
means that each current element can be symmetrized to I; = (Iiz + I;.)/2 = (I — I;g)/2 in the formulation, and we have

r r 1 1 /
V) — g = E(FL — FR)|:P . in8(w — Ek)]. (D42)

Then, we can use the equations as follows:

*

gnvr +gnvi + (g +eavf) =

By DT = fir(@)] (D43)

" 1
gvs + g8 + (g vs +g5,v8) = D_{[FIL + I'®rICsz fsp (@) — Tsp fsr(w)]

1
—[[sg — Usgl[Tifir(w) + g fir(@)1}8(w — Esi), (D44)
8aV5 — &qpvs + (g§2v§’ - 8?12U5<)* = 7{Us.[fse(Er) — f(E2)] — Tselfsr(E2) — f(E2)]}6(Ey — Esg). (D45)

Thus, the current (29) is given by calculating from I = I} + I5 + I5, where
e dw
L=< L VuGs + VG ). D46
hzk:fzn{kﬁk,(l,)} (D46)
Concretely, we have

2
e |1 — CL,|"[Was 2| Wi, |2
13 = - dw
h |A£|2D1D2D3

{[C1z + TRl far (@) — Tag far(@)] — [T3p — T3l[Ti fiz (@) + Tig fir(@)]}

11— 7, | (Was |2 [ Wsa2
| A7’ D3D4Ds

{[Csy + Dsgl(Cag far (@) — Tag far(@)] — [T'3p — Tapl[Tsg fsp(@) + Usg fsr(@)]}

2 2

1-CL| |1 =Cf

| |A54||21‘) - ] TiT fon(w) — ng(wn}
¢l Di(w

_(r 2 2 2 _r 2 2 2 _Cr 2 _Cr 2
if/da){ﬂ 054}2|W23| LT clzyz|w43| Wl 1= Gy |21 Chy F33}_
h |Ar|"D1D2Ds; |Ar|"D3D4Ds |Ar|"D;

(D47)

The current [; is given by

e Wiy Wiy Wi Wy |2
= / do) ——222 0 (s + Tsgl[Tifin (@) — Tirfir(@)] — [Tiz, — Tigl[Tsz fsz (@) + s fsr(@)])
|A7|"D1D,D3D4Ds
Wi Wi 1 — CE,
5 {[Tar + D3RIl fir(@) — Tirfir(@)] — [Tir — TirlTaL fan (@) + Usrfrr(@)]}
|A7|"D\D,Ds;
2
1-Cp)(1-CcL) —c;
AL "Dy
2 2
Wi Wiy Wi, Wsy |2 Wy Wia|?|1 = CE 1-c))(1-cL)-chl R
:>f/dw | 2 WaaWia 54l Fors Ws2 122|| %] F ( )( 254) Wl Fu . (D48)
h |Ar|"D1D2D3D4D:s |Ar|"DiD2D; Az Dy
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Is is obtained by replacing 1 <> 5 and 2 <> 4. We have also defined

Fp1 = [Tz + TirlT3 fs (@) — Tap f3r(@)] — [T — Tarl[Tiz fi (@) + Tir fir(o)],
Fuas = [[sp + Tsgl[Tap fap (@) — Tag far(@)] — [T3p — Tapl[Tsg fsp (@) + Tsg fsr(@)],
Fyis = [Usp + Tspl[TizfiL(w) — Tir fir(@)] = [Tip — Tirl[T sz fs1.(@) + Tsg fsr(w)],

Fpi3 = [T + DsglCiLfir(@) — Tirfir(@)] — [Tz — Tir]T3L fse (@) + g f3r(@)].

In the main text, we use

Fi = T{T  fin(w) — fir(@)],
Fiozas = Fpi5 + Fpsi,
Fioz = Fi31 + Fis3,

Fy45 = Fu35 + Fis3.

(D49)
(D50)
(D51)

(D52)

(D53)
(D54)
(D55)

(D56)
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