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Many-body coherence in quantum transport
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In this study, we propose the concept of harnessing quantum coherence to control electron transport in a
many-body system. Combining an open quantum system technique based on Hubbard operators, we show that
many-body coherence can eliminate the well-known Coulomb staircase and cause strong negative differential
resistance. To explore the mechanism, we analytically derive the current-coherence relationship in the zero
electron-phonon coupling limit. Furthermore, by incorporating a gate field, we demonstrate the possibility of
constructing a coherence-controlled transistor. This development opens up a new direction for exploring quantum

electronic devices based on many-body coherence.
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I. INTRODUCTION

Quantum coherence is a fundamental concept in quan-
tum mechanics that sets it apart from classical physics. The
unique properties of quantum coherence have been applied
in a diverse range of fields across various disciplines. For
instance, quantum coherence has been utilized to enhance the
energy transfer efficiency in quantum biology [1-4] and the
performance of nanoscale heat engines in quantum thermody-
namics [5-9]. Moreover, quantum coherence can be exploited
to store and transfer information for quantum communication
[10-13]. In nanoelectronics, the importance of quantum co-
herence is manifested in the interference of an single electron
passing through a junction with multiple tunneling pathways,
e.g., a quantum interference transistor [14—19]. Despite ex-
tensive studies on quantum interference in quantum transport,
how to directly connect quantum coherence and transport
properties, particularly a current-coherence relationship in
many-body systems, remains an open question.

Many-body effects in quantum transport have attracted
considerable attention due to their critical significance in open
quantum systems and their potential applications in nanoelec-
tronics [20-26]. Numerous intriguing many-body quantum
transport phenomena, including Coulomb blockade [27,28],
Kondo resonance [29,30], Franck-Condon blockade [31-33],
and current hysteresis [34,35], have been extensively ex-
plored in semiconductor nanostructures, 2D materials, and
single-molecule junctions. However, the concept of many-
body coherence, which refers to quantum coherence between
two many-body states, has not received enough attention in
the field of quantum transport.

In this paper, inspired by the Bloch-Redfield formalism
[36—42], we introduce quantum coherence from a Redfield-
type fermionic quantum master equation and study quantum
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transport in a minimal model that incorporates many-body
effects such as electron-electron interactions. Based on the
minimal model, we aim to clarify the role of many-body
coherence in quantum transport, thus shedding light on how
to harness many-body coherence to design quantum electronic
devices.

II. MODEL HAMILTONIAN

To demonstrate the effect of many-body coherence on
quantum transport, we consider a quantum electronic device
shown in Fig. 1. The device is described by the total Hamilto-
nian

H = ﬁsys + [?]ead + Hiys-lead + Hgalev (1)

which is composed of the system Hamiltonian Hsys the lead
Hamiltonian Hie,g, the system-lead coupling term ﬁsys_lead,
and the gate Hamiltonian ﬂgale. Furthermore, to simplify the
complexity of a many-body system while retaining electron-
electron interactions, we consider the two-site Hubbard model
to be the system, including on-site energy ¢, on-site Coulomb
repulsion U, and intersite electron hopping 7. The system
Hamiltonian has the form

Ay =g el i +U Y elend] ey
i,o i
—tY (,1, +He), )
g

where EITU (Ciy) is the fermionic operator which creates (an-
nihilates) an electron on site i = 1, 2 with spin ¢ =1, |.. The
model can accommodate at most 4 electrons and generate 16
different many-body electronic states in total [43]. To properly
describe many-body states, we denote the many-body states of
the system as |N,, a) with energy ¢, as shown in Table I, where
N, represents the number of electrons of state a. According
to the previous study [44], we believe that a two-site system,
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Gate
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FIG. 1. (a) [llustration of a quantum electronic device in a many-
body system. The system coupled with one gate and two leads L
and R contains on-site Coulomb repulsion U and intersite electron
hopping 7.

such as thiolated arylethynylene with 9,10-dihydroanthracene
core (AH), is experimentally feasible for the demonstration of
the effect of many-body coherence on quantum transport.

The two leads and the gate are modeled as follows. For the
gate, we model its Hamiltonian as

Hgate = _eVg Z 6:27 Cio » (€)

i,o

where the gate voltage V, shifts the on-site energy ¢ by —eV.
The two leads are described by a noninteracting electron gas
model,

Hiead = Z Erod), diko 4
lk,o

where ‘?szg (djxo ) creates (annihilates) an electron in the state
|lko) with energy &, in the lead /, and / =L and R repre-
sents the left and the right leads. Assuming that the electrons
in the leads stay at equilibrium, we express the average oc-
cupation number as (ﬁfkaﬁpk«a«) = 081,10k k80,07 f1(Eks ), Where
fi(kre) = (1 4 eGo—#0/TY=1 i the Fermi function of lead
| with chemical potential y; at temperature 7. In this work,
we consider the symmetric bias condition p; = o + eVsqa/2
with ¢ = 1 and {g = —1, where V4 is the bias voltage, and
Mo is the equilibrium chemical potential for the electrodes.
The system-lead coupling is modeled as

Hiystead = Z(TLk,lé.{-UdALka + Tri 285, drioe +Heel),  (5)
k,o

TABLEI. The 16 eigenstates of the system Hamiltonian and their
corresponding energies [48], x = ~/U? + 162,

Hilbert space Energy ¢, Eigenstate |N,, a)

Zero-electron 0 10, %)
One-electron e—t |1,D} ), [1,D} )
&+t |L,DL ), [1,D )

Two-electron 2e —(x—U)/2 12, 52)

2¢ 12, T7), 12, TE)), 12, T2)

2¢e +U 12, S¢s)

2e +(x+U)/2 12, 5%)
Three-electron 3e+U—1t 13,D° ,),13,D )
3¢+ U +1t 13,D} ,), 13, D )

Four-electron 4e +2U |4, $%)

where we assume the left (right) lead is only coupled to the
first (second) site of the system. Furthermore, we specify the
transitions between many-body states using Hubbard opera-
tors X*? = |N,, a)(N, b|; see Appendix A for more details.
The advantage of using Hubbard operators is to provide a
convenient way to describe many-body state transitions and
incorporate characteristics of fermions in the coefficient of
each operator [43,45]. As a result, we rewrite the coupling
Hamiltonian as

Hsys-lead = Z (Vikkg,abXb’adALka + V;kgyabxb’adARka + HC)

ab.k,o

(6)
based on the Hubbard operator techniques, where the trans-
formed coupling becomes Viis.ap = T} ; - (Na, alCis |Ny, b).
The index i is neglected in Vi 4 because i is uniquely de-
termined by /, i.e., i = 1 (2) when ! = L (R). Here we do not
consider the effect of the external potential exerted by the bias,
i.e., the on-site energy ¢ does not vary with the source-drain
voltage V4. This effect can lead to level renormalization and
slightly modify the pattern of Coulomb staircase [46,47].

III. QUANTUM MASTER EQUATION ANALYSIS

To incorporate the effect of many-body coherence into
quantum transport, instead of using the Pauli master equa-
tion (PME) or the Lindblad quantum master equation, we
adopt the Redfield formalism, which has been used exten-
sively to describe electronic bath in the electrodes [36-38] or
phonon effects on quantum transport [39—-42]. We start from
the quantum Liouville equation, treat the two leads Hicaq 2s
bath, make the Born-Markov approximation, and finally de-
rive a Redfield-type fermionic quantum master equation based
on Hubbard operators. A detailed derivation and discussion
may be found in Appendix B and the final result is as follows:

dpeys(t)
de

where Pgys(2) is the electronic density matrix and Hie.a is
the lead Redfield superoperator, which describes the electron
transport processes between the system and electrodes. It is
well-known that the phonon bath can lead to electronic state
relaxation and decoherence in the electronic density matrix
[49-51], but the effect of the electronic bath (associated with
the lead Redfield superoperator Zc,q) on electron transport
is quite vague. In order to focus on many-body electronic
coherence due to electronic bath, we neglect the effect of the
phonon bath on coherence in the main text.

The operation of the lead Redfield superoperator on the
electronic density matrix can be expressed as

(Na» @l PrcaaPrys WNp, B) = O Rapcapear )
cd

Loa 5
- E [qus » Psys 1+ gleadpsys ), @)

where states (a, b, c,d) serve as the eigenstates of ﬁsys.
Several remarks are listed below. %, .q in Eq. (8) can
be decomposed into four mechanisms %!, #'', #'"!, and
" . The first mechanism %’ and the second mechanism
A" correspond to the two-path quantum inference formed
of state-to-state transitions caused by electron and hole in-
jections, respectively. The third mechanism %'/ and the
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fourth mechanism %!V correspond to the indirect interference
caused by electron and hole injections, respectively For ex-
ample, 221, 1P = = Y [Z 50 (Eap) = (205 (Eca))1pea
represents the two-path quantum interference formed of [N —
1,¢) - |N,a) and |[N —1,d) — |N, b) caused by electron
injections, where lesser self-energy Egb) . a(adb) describes the
state-to-state transition accompanied by a single-electron in-
jection with energy ¢4, = ¢, — &4 (see Appendix B for more
details).

For simplicity, we consider the wideband approximation
[52], and the lesser self-energy can be expressed in terms of
Hubbard operator X as

I VA s
2((12 (Eap) = lEfl(gdb) ZTT[C,TUXd’b]*Tr[cLXC'“], )
o

which is composed of a coupling constant I", the occupation
of electrons f;(e4p), and the transition amplitude between
many-body states of the system due to an injected electron.
Similarly, the greater self-energy in the wideband approxima-
tion comprises a coupling constant I, the occupation of holes
1 — fi(eqp), and the transition amplitude between many-body
states of the system due to a hole entering the system.

To explore the correlation between the steady-state electric
current and many-body coherence, we compute the electric
current [53] from the steady-state density matrix pgy(f) as
(see Appendix C)

2 *
zﬁezlm [ (faa) = (Zicha (2aa)) 1pea},  (10)

acd

where Efm)j (€44) corresponds to a transition from N-electron
to (N + 1)-electron state due to an injected electron from the
left electrode, while E;c »~ (£qa) corresponds to a transition
from N-electron to (N — 1)-electron state caused by an in-

jected hole.

IV. MANY-BODY COHERENCE AND CURRENT
BLOCKADE

To demonstrate that the effect of many-body coherence on
quantum transport can be experimentally observed in a real-
istic system, we consider AH with experimental parameters
[44]. As shown in Fig. 2(a), the electric current (the black
solid line) decreases as many-body coherence between eigen-
states |2, S&¢) and |2, S%) (the blue dashed line) increases
with bias. Furthermore, we find that, for a model system
with large Coulomb repulsion and weak intersite electron
hopping, many-body coherence can reach a maximum, and
the electric current can be completely blocked to zero, as
shown in Fig. 2(b). It is worth mentioning that the current
blockade phenomenon in Figs. 2(a) and 2(b) is completely dif-
ferent from the well-known “Coulomb blockade.” In Coulomb
blockade, the electric current exhibits “Coulomb staircase”
with the increasing bias voltage [the orange solid lines in
Figs. 2(a) and 2(b)], whereas Figs. 2(a) and 2(b) show that
the electric current decreases with the increasing bias voltage,
similar to the behavior of a negative difference resistance.
Here, we would like to emphasize that Coulomb staircase can
be fully understood by the PME approach, and this approach
is extensively employed to study nanodevices [48,54,55].
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FIG. 2. Current blockade induced by many-body coherence in an
AH system [44] for (a) e = 0.1eV,r =0.01eV,U =0.08eV, ' =
0.005 eV and in a model system for (b) ¢ = —0.25eV,r = 0.005 eV,
U =0.8¢eV, ' =0.001 eV. Other parameters are 7 = 300 K, and
V, = 0 V. The orange, black, green, and red solid lines correspond
to steady-state currents derived from PME, Egs. (10), (11), and
(12), respectively. The dashed blue line describes the magnitude of
coherence P52 -

However, the PME approach does not account for the effect of
“coherence” induced by the interaction between many-body
states and electron baths. Note that the current suppression
is found to be robust against electron-phonon couplings (see
Appendix D). Our numerical simulations clearly demonstrate
that coherence between many-body states cannot be neglected
and is directly associated with electric current.

To quantitatively understand the current blockade in
Figs. 2(a) and 2(b), we derive a current-coherence relation-
ship for a system with weak hopping and strong Coulomb
repulsion. The relationship is established based on two as-
sumptions. First, to include the effect of Coulomb repulsion
U on currents, we consider that eVyq > U in the zero temper-
ature limit. Furthermore, for the simplicity of derivation, we
neglect the influence of ¢ and 7 on the Fermi function. In this
condition, we can approximate fi (g.,) = 1 and fr(&.,) = 01in
Eq. (9). Second, we only keep many-body coherence Ps2 72
Ps2. 12> Ps2.T2, and pg 52 when solving Eq. (7). It is well-
known that coherence can be neglected while there is a large
energy gap between two states, i.e., the secular approximation
for the derivation of the PME approach. When ¢/U is small,
the energy gap between |2, Sés) and |2, S?) and the energy
gap between |2, Si) and triplet states |2, TOZ), 12, Tfl), |2, Tfl)
are the smallest. As a result, we consider these coherence
terms when solving Eq. (7) and find that only Ps2g.5 is as-
sociated with current. Finally, we obtain a current-coherence
relationship as (see Appendix E)

el 1/ 42\*"?
1=7{1—2|:1+Z<ﬁ> ] |Psgs,sz|}’ (11)

showing that the electric current can be expressed in terms
of many-body coherence pg_ 2 and the kinetic exchange
4t2/U in the unit of system-lead coupling I". In Figs. 2(a)
and 2(b), the green lines almost coincide with the black lines
when current blockade occurs, which reveals that Eq. (11) has
successfully captured the physics behind the current block-
ade and elucidated the influence of many-body coherence
on quantum transport. Furthermore, the kinetic exchange
4t /U, resulting from the interplay between hopping and
many-body interactions, describes the intersite delocalization
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FIG. 3. Coherence-controlled current blockade of a model sys-
tem tuned by (a) the Hamiltonian design ¢ /U for ¢ = —0.1 eV, =
0.002t00.18eV,U =0.2eV,I' =0.01 eV under bias V,g = 0.8 V,
gate V, =0 V and (b) the gate voltage V, for r = 0.005 eV, U =
0.8eV,I' =0.001 eV under bias Vg = 1.0V, gate V, =010 0.25 V.
The black, green, and red solid lines in (a) correspond to currents
from Egs. (10), (11), and (12), and the dashed blue line denotes the
magnitude of coherence Psz s - The red, blue, and green lines in
(b) correspond to ¢ = —0. 2 —0.15, —0.1 eV, and the solid and
dashed lines denote currents and the magnitude of coherence pg 2,
respectively. Other parameters used here are 7 = 300 K for (a) and
77 K for (b).

of electrons. Therefore, when the kinetic exchange is small,
electrons accumulate on a single site, and the current is
blockaded. Note that 4¢>/U corresponds to the energy gap
AESz 2 =(U?*+ 162 —U)/2 when 1 /U < 1. If the en-
ergy gap AEg ¢ is small enough, i.e, 4t>/UT is negligible,
then Eq. (11) can be further simplified as

el’
-1
indicating that many-body coherence pg; 2 becomes a dom-
inant factor in current blockade. When #/U is not small
enough, e.g., t/U = 0.125 in Fig. 2(a), Eq. (12) (the red
line) slightly underestimates the electric current in the current
blockade region due to the neglect of the kinetic exchange ef-
fect. On the other hand, when t /U <« 1, e.g., t/U = 0.00625
in Fig. 2(b), the red line matches the black line in the current
blockade region, testifying that many-body coherence pre-
dominates the current suppression.

I=—{1-2lpg s} (12)

V. CONTROL OF CURRENT BLOCKADE

Control of electric current is a key issue in quantum trans-
port [16,56-59]. Here, we demonstrate that it is feasible to
operate many-body coherence and current blockade via inter-
nal Hamiltonian design and an external gate voltage.

First, for Hamiltonian design, the relative magnitudes of
intersite coupling ¢+ and Coulomb repulsion U are directly
related to many-body coherence and current blockade. As
shown in Fig. 3(a), when # /U « 0.1, the current decreases to
almost zero, and many-body coherence Ps2.5 approaches its
maximum 0.5. In brief, the maximum value of coherence can
be understood by the fact that small #/U reduces the energy
gap between |2, Sés) and |2, 52) to almost zero and thus
leads to the maximum of pg_ 52 = 0.5. The origin of strong
current blockade results mamly from many-body coherence
psz.s2» 1., when 1/U < 0.1, the current calculated from
Eq (12) (the red line), which neglects the kinetic exchange
effect, coincides with the current calculated from Eq. (11)

(the green line). The small deviation between the green line
and the red line in the region ¢ /U = 0.1 ~ 0.7 indicates that
the kinetic exchange 4t2/ U can affect the electric current,
but many-body coherence is still the main mechanism for
the current blockade. When ¢/U > 0.7, many-body coher-
ence pg 52 Teaches zero, so current blockade disappears.
Figure 3(a) clearly shows that one can control electric current
and many-body coherence via the modification of ¢ /U .

Second, we find that many-body coherence of a system
can be significantly influenced by an external gate field.
Figure 3(b) shows that, with an increasing gate voltage V,,
many-body coherence pg_ 2 transitions from zero to its max-
imum and the current drops to zero. Moreover, the transition
gate voltage increases with the increasing on-site energy ¢,
where the red, blue, and green line correspond to ¢ = —0.2,
—0.15, and —0.1 eV, respectively. Control of the gate volt-
age V, and the Hamiltonian design correspond to different
mechanisms of forming the current blockade because con-
trol of V, does not change the kinetic exchange 42 /U.
To explain the gate dependence of many-body coherence
Ps2g.s2» we derive an analytical expression for the coherence-
gate relationship, |Psgs,si| =12x2-0(u.L—e¢—-U+
eV)l/[8 —70(uL — & — U + eV,)], by making the approx-
imation fi(e + U —eVy) = O(uL — e —U +eVy)andr ~ 0
(see Appendix E), where ©(uu. — & — U + eV,) is the Heav-
iside step function. According to the coherence-gate relation,
when ¢ = —0.2¢eV, U =0.8¢eV, and Vi = 1.0 V, many-
body coherence ps> s> has a maximum value 0.5 while V,
exceeds 0.1 V, which is consistent with our simulation result
(the red line). Figure 3(b) also indicates that, with lower on-
site energies, the electric current and many-body coherence
can be operated with smaller gate voltages, showing potential
as transistors.

VI. CONCLUSIONS

We have demonstrated the significance of many-body
coherence in quantum transport and established a current-
coherence relationship Eq. (11) for a model system using the
Redfield-type fermionic quantum master equation. The results
imply that many-body coherence can eliminate the well-
known Coulomb staircase and lead to the negative differential
resistance, which cannot be described by the PME approach
[48,54,55] due to the lack of coherence. Furthermore, it is
shown that many-body coherence can be manipulated through
modifying the internal system Hamiltonian or applying an
external gate voltage. Finally, we find that the electric current
can be switched based on many-body coherence at a low gate
voltage, indicating potential as coherence-controlled transis-
tors. The results here open a new class of electronic devices in
quantum electronics, which will motive further experimental
and theoretical investigations on the effects of many-body co-
herence in condensed matter physics and quantum technology.

ACKNOWLEDGMENTS

We thank Chih-En Shen, Hung-Sheng Tsai, Ming-Wei
Lee, Yi-Ting Chuang, Qian-Rui Huang, Michitoshi Hayashi,
and Yang-Hao Chan for useful discussions. This research
was supported by Academia Sinica (AS-CDA-111-M02) and

125422-4



MANY-BODY COHERENCE IN QUANTUM TRANSPORT

PHYSICAL REVIEW B 108, 125422 (2023)

National Science and Technology Council (111-2113-M-001-
027-MY4).

APPENDIX A: EXPRESSION FOR SINGLE-ELECTRON
OPERATORS BY HUBBARD OPERATORS

In this section, we show how to adopt Hubbard opera-
tors to express the single-electron creation and annihilation
operators. First, we introduce the occupation number (ON)
vector representation |ny4nny4n5)) to denote states spanned
on the site basis depicting the distribution of electrons.

J

These states are arranged as {|0), |1) ... |15)}, with each state
1p), p=(n1p)p- 20+ (n1y)p - 2" + (n2y)p - 22+ (m2y)p - 2%,
and (n;;), represents the occupation of an electron on site
i with spin o in state |p). Note that the definition of |0) to
[15) that we adopt is slightly different from the definition
in the previous study [43]. The Hubbard operators defined
as XP” = |p)(p/| can be used to describe the transition
from state |p’) to state |p) [43,45], and the single-electron
creation (annihilation) operators spanned on the site basis
can be expressed by the aforementioned Hubbard operators.
Take 6;, for instance. The operations of é; on states |0)
to [15):

@§T|o> = ¢},10000) = [0010) = |4) — x40

@§T|1> = 2},11000) = —1010) = —|5) — X3

5§¢|2> = 2,10100) = —[0110) = —[6) — —X62,

¢3,18) = ¢1,10001) = |0011) = [12) — X'>%,

@;|3> = &5, 11100) = [1110) = [7) — X7,

@;'9) = &5,11001) = —[1011) = —[13) - —X "7,

e3,110) = 21,10101) = —[0111) = —[14) - —X'*17,

&3, I11) = &}, 11101) = [1111) = [15) — X3!,

The operation of @;T on any of the other many-body states equals 0. Thus

QT _ A0 _gS1 %62 L 973 4 128 9139 p1410 4 pIs11

Following the similar procedures, other single-electron operators can also be expressed in terms of the Hubbard operators

spanned on the site basis as

In Appendix B, we will apply a shorthand notation ¢;, = Z,Kq(”ia )p_q)?”'q, (Tio )p.g € {£1,0}, (rig)p,q = (Fig)g,p to denote

6% = X104 X324 X544 76 L OB 4 RILI0 4 g1312 4 ¢S4
&, = X220 _ X314 %64 XTS5 4 gI08 _ gIL9 4 gl412 _ RI513
62? = X0 _ %51 g62 L XT3 L R128 {139 _ g1410 4 ¢Sl
o= X80 o1 102 g3 g124 4 9135 4 %146 15T
o1y = X014 X234 %45 4 X674 X894 X101 4 g1213 | 1415
&1, = Q0.2 _ {13 4 46 _ 57 4 ¢8I0 _ 991l L 91214 %1315
trr = XOA XS %26 4 %37 4 xBI2 %013 _ 1014 4 R1LIS
&y = XO8 _ 19 210 L 9311 p412 4 9513 | 9614 HTIS

the above operators [see Egs. (B13) to (B18)]. The nonzero elements of (r;;), , are listed below.

(r11)o1 = (r1p)23 = (rig)as = (rip)e7 = 1,
(rip)s,o = (ripio,11 = (ripdi2,13 = (rigs,1s = 1,
(r1p)o2 = (r1y)ae = (riy)s 10 = (riyz,14 = 1,
(riyz = (ryds7 = (ry o = (rydizas = —1,
(r21)0,4 = (r21)3,7 = (148,12 = (rp)11,15 = 1,

(rap)1,5 = ()26 = (r24)9,13 = (r24)10,14 = — 1,

(r2y)0,8 = (r2y)3,11 = (r2)5,13 = (126,14 = 1,

(ray 1,9 = (ray)2,10 = (r2y a2 = (r2y)7,15 = — 1.
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APPENDIX B: DERIVATION OF REDFIELD-TYPE
FERMIONIC QUANTUM MASTER EQUATION

In this section, we outline the derivation of Eq. (2) in the
main text. We start from the quantum Liouville equation,

o) _ i
O = =L p()). (B1)

where A and p denote the total Hamiltonian and density
matrix. In the interaction picture, the quantum Liouville equa-
tion can be written as an integro-differential equation as
follows:

dp(t) _
dt

- % [I:}sys—lead (l), 16(1‘0 )]

1 ! 2 2 2
- F/ dtl[Hsys—lead(t)a [Hsys—lead(tl)v Ib(tl)]]»
fo
(B2)

in which H = Hyys + Hiead + Hsysead> With H and p as the
total Hamiltonian and the total density matrix in the interac-
tion picture respectively. Due to weak coupling between the
system and the leads, the dynamics of the system and the
dynamics of the bath occur at different time scales, and we
apply the Born approximation. Under the Born approxima-
tion, the density matrix of the total system is approximated
as the direct product of the electronic density matrix of the
system Pgys(¢) and the density matrix of the lead pjeaq(?), i.€.,
(1) = Psys(t) ® Preaa(t). In the interaction picture, one can
derive

P(t) = Boys(t) ® Preaa(t), (B3)
with zsys(t) = eiﬁsyst/h;asys(t)e_iﬁsyst/h and ﬁ’lead )=
et Ih py - a(t)e~ et/ Since the leads are weakly coupled

to the system and relax rapidly, we assume that the leads do
not change with time and always stay in thermal equilibrium.
As a result, we have the relation

e_ﬁleadﬂlead
Triead (e*ﬁlead[:llsmd ) ’

where Bieag = 1/kTieaqg represents the reciprocal of the ther-
modynamic temperature of the leads. By [pieaa(t), Hicad] =
0, the density matrix in the interaction picture can be
obtained as

Plead (1) = Plead (0) = Olead = (B4)

Plead(t) = Glead.- (B5)

The system degrees of freedom and lead degrees of
freedom can be further separated in the coupling terms.
The system-lead coupling Hiys.icad = Zk,a(TLk,IEIade,o +

TRk’zé;(,ﬁRkﬂ + H.c.) can be rewritten as

Hyoread = 6], ® Z Tikadier + &), ® Z Tri 2dri
k k

+ éh ® Z TLk,ldALIQ + 6£¢ ® Z TRk,gdAR/Q
k k
+ H.c., (B6)

in which each coupling element is expressed as the direct
product of operators acting on the system and the bath. One

can verify that the average of each lead operator is zero, e.g.,
(drks) = 0; therefore, the non-Markovian master equation can
be derived as
d Peys (t dp(t
Psys() _ Triw p(t) (B7)
dt dt

1 11—ty 2
— ? / dTTI']ead{[Hsys—]ead (t)’
0

[ﬁsys—lead(t - 1), f)sys(t -7)® 3lead]]}' (B8)

Next, we assume that the density matrix varies slower than
the decay time of the bath (lead) correlation. Therefore, we
apply the first Markov approximation, which assumes that
,?)sys(t —17)= f)sys(t) in Eq. (B7), and the second Markov
approximation, which considers the long-time limit ¢ — ) —
oo. After applying the Markov approximations to Eq. (B7),
we obtain the Redfield equation in the Schrodinger picture:

d Dsys (1) Lon  » 5
Zts - _£[H9Ys, Psys ()] + Arcad Psys (1) (B9)

1 [ A
glead,bsys(t) = - ? / dTTrlead{[Hsys—lead(O)v
0

[ﬁsys—lead(_f), lasys (t) ® 3'lead]]}o (BIO)

We further simplify Eq. (B10) by tracing out the lead
degrees of freedom because both the system-lead cou-
pling I-?Sys_lead and the density matrix p(f) can be di-
vided into the system part and the lead part. Take the
term qus—lead(O)Hsys-lead(_r),bsys ®élead in Eq. (B10) and

TABLE II. Basis transformation between site basis and eigenba-
sis, with ¢; = %‘/1 + %,cz = %1/1 - %, and x = U2 + 1612

One-electron states

[1000) 10100) |0010) |0001)
o S R S
|1,D1+,¢> 0 7 0 7
T N A
I1,D! ) 0 7 0 v
Two-electron states
[1100) [1001) |0110) |0011)
12, Si) (%) C1 —C1 (&)
12, T2) 0 % % 0
12, S&s) -7 0 0 NG
12, Si) C1 —C2 (&) Cl
Three-electron states
[1110) [1101) [1011) [0111)
13,D° ;) - 0 - 0
13.D% ) 0 % 0 —%
3,07 ) 0 7 0 N
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641(7 ® 3 Tik.1diiy in Hyygread as an example,
Tricad {éhw) ® ¥ Tik1diiy (0)
k

X (1) ® Y T 1diien(—T) X Pays(t) ® fnead}
k/

= &1, (0)¢], (—T)Dyys (1)

® Z Z Tir1Tiw . X Triead{diey (0)dipy (—T)5ead)-
PR

Following the similar procedures, we can obtain bath
correlation functions and then classify them into four
types, i.e.,

Trieaald] 0, 0)} o (—T)Beaa} (Blla)
Triead {d) 1,5, ()t (—T)F1cad}- (B11b)

J

Trieaa{dy k10, (00}, (—T)G1caa}

Triead {di, 1,0, (0) ks (—T)lead}

in Eq. (B10). Two of the correlation functions are nonzero and
can be calculated as

(Bllc)
(B11d)

Trieaa{d] 1, 5, )ik, (—T)Geaa)}

= —ilg} 1,0, (= T80 1Sk, 12801025 (B12a)
Trieaa{diy i, (0)d) o (—T)Bicaa)
= ihgzklgl (t)all,lzakl,kzaal,azs (Blzb)

with the lesser Green’s function of free electrons gj; (f) =
(i/h)fi(Exo e 5!/" and the greater Green’s function of free
electrons g7, (t) = —(i/h)[1 — fi(Ewe )e !/ [45], where
fi(€ro) = (1 + ePreso=10)=1 ig the Fermi function of lead
| with chemical potential p; at temperature Tie,q. By
means of Hubbard operators introduced in Appendix A,
the Redfield tensor for electrons spanned on the site basis
becomes

%leadlbsys(t) = % Z Z Z Z Z,/() d":{gfkg(_f”TZk,ilz(ria )p,q(ria)p’,q’[)?pyq, Xq,’p,(—f)f)el(t)]

r<qp<q (Liy k o

— G Ok i P Fio ) pg i [R P, X7 (=) par(t)] + Hoc),

(B13)

where (1, i) € {(L, 1), (R, 2)}, and (;,),,4 serve as the coefficients of single-electron operators spanned on the site basis &, =
> < q(ri(, )p.gX P, (rig )p.qg € {£1, 0}, (7is ) p.g = (Tio )g,p- Using a basis transformation from the site basis to eigenbasis (Table II),

we can derive the time evolution of the Hubbard operators as

INava) = > Upalp)
P

Xq,’p,(—‘f) _ e-iﬁsysr/ﬁ’q/)(p/‘eiﬁsysr/ﬁ — Z U;,q,Up/.be—iabar/ﬁ'Nw a) <be b| — Z U;,q,Up/’be—iabat/ﬁ}’za,b’
ab

(B14)

(B15)
ab

where |N,, a) is the eigenstate for the system Hamiltonian ﬁsys. For simplicity, we use the notation X%t = |N,, a)(Np, b| and
Epa = €4 — Ep, Where g, is the energy for state |N,, a). We derive the Redfield equation spanned on eigenbasis,

%leadlbsys(t) = % Z Z ZZZZ/(;OOC{TX“Z)

P<q p'<q (Li) k o abcd

.
i

- 2
X e g (=) Tik i (io g (i )y U pUqaUf Uy c X e

—igqT/h <

—e 8ito Ok il Tio )pg(rio )y ¢ Uj UgbUt yUprc X Ped

—igqT /N 2
— e et/ g[>kg‘(r)|]—}k,l‘| (ria)p,q(ria)p’,q’U;qU[z,dU;’pqu’,c X Pch

+ et hgn (O Tiil* (Fio )p.g (Fio Vg Uy Up Uy Uy c X pea} + Hee.

Next, we do the Laplace transform of the lesser (greater)
Green'’s functions in Eq. (B16), i.e.,

o0
gfkg(a)z/ e’”/hgf,w(r)dt
0

= %fz@ka)[ihP +hs(e — ska)]

& — Sko
(B17a)

(B16)

(

o0
gfkg(s)E/ e’“/hgf,m(r)dt
0

= —%[1 —fz@ka)][ihP

+ Thd(s — Elm)],

(B17b)

&€ — Sko

where P represents the Cauchy principal value. The lesser
(greater) Green’s function contains both electron (hole)
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(@) Interference of direct transitions (®)  Interference of direct transitions
by electron injections by hole injections

,,"“~\\ /,’ T LT e LemTTEs
/ \ / \
\
i [N —1,c)) /|IN,a) \ ! IN + 1,0\
! 'Ped i +
\ IN+1,d)s

1
’

, \ ,
N ;

',' IN, dfy —— |N +1,e) fmxﬂzv, b) \ Equivalent ‘,' IN, e) ——> [N +1,¢) W:’\N,a} \

\ Pad | Nya)! N, ) ab/l. ~ | Peb |y, Iy LN by pab/l.
(d) Indirect interference by hole injections

! IN,d)\ —— |N — 1,e) <o~/ | N, b) \ Equivalent / IN, )\ ——> |N — 1,¢) <~/ |N, a) |

l Pad ] ’ ' | Peb ' ’ Pab !

LAY N, a), VN,a) TP ~ e IN,b) / Ny TP

N -7 N -7 AN - N -

FIG. 4. Illustration of four main processes in Eq. (B19). (a) Interference of direct transitions by electron injections ‘@;h,cdpcd =
—% 1[2((1’1;),'; (eap) — (222’(;,(8(“))*] pea- (b) Interference of direct transitions by hole injections %2 . 0ca = —% Z,[—E,ﬂf}";(sac) +
(=" (€54))*1pea- (c) Indirect interference by electron injections 2/ poy = —+ 3, 3 1 [Z5) e (ae)8ac — (EL:5(80e))*8p.d1pea- (d) Indi-

ce,ae
. . i N 1),
rect interference by hole injections %) ., pca = — 1 Dy Docae [—Z0 i (€ec)Bb.a + (2807 (8a))* 8uc1Pea-

injection and energy shift of the system due to the leads. Then,
we organize Eq. (B16) by utilizing a redefined coupling,

Viko.ab = Tjg i(Na, alCic [Ny, b) (B18a)
=T5; > (i )pgUl JUgs (B18b)

pP<q
= Tj;,; Trléio X"“1, (B18c)

(O5S

and the lesser (greater) self-energy Em’ T (Eac) =

<
Do Vlza,ga X 8o (€ac) X Viko,ap. Note that the .c')rder of
the subscript of the self-energy represents the transition from
the N-electron state to the (N + 1)-electron state. Finally, we
obtain the Redfield-type fermionic quantum master equation,

(Na, @l PreaaPer(OWNp, ) =D Rabcapea (B19)
. cd
- _ % ;
Do [Ehatea) — (280 w) Joc
cd
+ D [~E e + (B ) | pea
cd
= D [ — (T () 8p.a]pea
cde
=Y =30 (Ee)Spa + (555 Ee)) Buc pea } (B20)
cde

In Fig. 4, Zupca in Eq. (B19) can be decomposed
into four mechanisms %/, Z'', #'"', and #'V. The first
mechanism %! [Fig. 4(a)] is the quantum interference

of state-to-state transitions |[N. =N —1,¢) — [N, =N, a)
and |[N; =N —1,d) — |[N, = N, b) by one electron injec-
tion from the electrodes, and the second mechanism %'
[Fig. 4(b)] is the quantum interference of state-to-state
transitions |[N.=N +1,¢) - [N, =N,a) and [Ny =N +
1,d) — [N, = N, b) by one hole injection. Whenc =d, a =
b, these processes correspond to population transfer from
P. = p. to P, that causes an increase of population P, in
PME [60]. The third mechanism %' [Fig. 4(c)] is the indi-
rect interference of state-to-state transition |N, = N, a)/|N, =
N,b) - [N, =N + 1, e) and state-to-state transition |N. =
N,c)/|N;g =N,d) — [N, =N + 1, e) by one electron injec-
tion. The fourth mechanism %'V [Fig. 4(d)] is the indirect
interference of state-to-state transition |N, =N, a)/|N, =
N,b) - [N, =N — 1, e) and state-to-state transition |N. =
N,c)/|IN;g =N,d) — |N, =N — 1, e) by one hole injection.
When a = b = d (a = b = ¢) on the left- (right-) hand side of
Figs. 4(c) and 4(d), these processes correspond to population
decay of P, that decreases population P, in PME [60].

APPENDIX C: EXPRESSION FOR STEADY-STATE
ELECTRIC CURRENT

In this section, we derive the steady-state electric current
expression, i.e., Eq. (4), in the main text. From the definition
of steady-state electric current [53],

_ d(Np)
I =ex (— 7 >

~

d<Nel>L
dt

=€ X

d "
=eX ETI{Nellbsys}L, (C1)
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where (N.) denotes the average number of electrons in the
left electrode, (]Vel) denotes the average number of electrons
in the system, and the subscript L represents that we focus
on change of the system due to electron (hole) injections from
the left electrode. The second equality in Eq. (C1) comes from
the condition that all of the electrons leaving the left electrode
enter the system. Since the number operator commutes with
electronic Hamiltonian H,, we derive a current expression
spanned on the eigenbasis of Hy,

I=e- Z

=c- Z Na(bla)(al peys|b) 1L

:e-Xa:Na< " )L, (C2)

in which P, = p,, denotes the population of state |N,, a).
From Eq. (B20), we obtain the dynamic equations of popu-
lations as

dp, 2
t = ﬁ Z ZIH] 2:((1Za) Ca(gd‘l)pfd + (E[(,C ad(gad)) Pcd

b|Nel|a a|psy<|b>

— 2= c)Pac — (B4)7.(8a)) Pac)- (C3)

From Egs. (C2) and (C3), we derive an expression for
steady—state electric current as

Z Im Eg;)m (€da)Pea + Na ( g:)a; (Sad))*pcd

acd

- NaESS);; (gcd)puc - N (E;I;)d( (gdc'))*loac}

23 < > *
= E ZI N E((]b)ca (8da)Pea + Na(zf(l];?g,d (&aa )) Pecd

acd

2
= S IS a) — (585 ) T o (€4
acd

APPENDIX D: EFFECT OF PHONONS ON MANY-BODY
COHERENCE

In this section, we explore phonon effects on electronic
coherence in a transport system. The two-site Hubbard model
with the phonon bath [61,62] can be written as

Hsys = Ael + ﬁph + ﬁel—phv (D1)

which is composed of the electronic Hamiltonian H,, that rep-
resents the two-site Hubbard model, the phonon Hamiltonian
th, and the electron-phonon coupling Hel _ph- We consider the
phonon Hamiltonian and the electron-phonon coupling as

A PPN 1
Hp = Z T, <bgba + 5), (D2a)
Hopn =8 Y _ &, ¢i0(B] + ba). (D2b)

lGO{

where w, and IA)(L (Ba) stand for phonon frequency and bosonic
creation (annihilation) operators of the phonon mode «, re-
spectively.

To derive the dynamic equation for electron transport with
the effect of phonons, we begin from the quantum Liouville
equation for the system in Eq. (B9). In the interaction picture,
the dynamic equation becomes

d psys (1)

[ o
dr = - %[Hel—ph(t)v )Osys(t)]

+ iR +Hy ) /1 FreadPoys(1) o~ i+l /- (D3)

The system density matrix can be divided into the elec-
tronic part and phonon part, i.e., Dgys(t) = Pei(t) ® Ppn(t).
Following the similar procedures in Egs. (B2), (B3), (BS),

E;];)m (84a) Ped — NC(Eg’){’l; (Ead ))* Ped} (B6), and (B7), we can obtain the dynamic equation as
|
dpa(t) dpsys(1) L 5 5
dlt = Tl'ph 2’/; = — ﬁ dszrph{[Hel ph(t) [ el- ph(t ), Pl —T2) ® Uph]]}
0

. t
l 2 s A n . N
T / Aty Tron { [Herpn (0), € 0% s per (1) @ g™ Hert /M)

fo

+ Tepn [ et g ey (1) @ e FartHn /)

The first line in Eq. (D4) is a typical term in a non-
Markovian master equation for the description of electron-
phonon coupling. By tracing out the phonon degrees of
freedom, the second line can be simplified as

Trph { [ﬁel—ph (t)» ei(He]+ﬂph)12/h<@lead//\)el (t2) & 3phe_i(He]+th)t2/h] }
= Trpn{[Hetph, Prcad Dei(t2) ® Gpnl}- (D5)

J

dpe(t) _ i
dt

—E[ﬂd, Pel(t)] + RreaaDer(t) + Rpnpel(t),

(D4)

(

When we trace out the phonon degrees of free-
dom, the second line in Eq. (D4) becomes zero because
Trpn {HeiphPe1 (2) ® Gpn} = 0 and Fieqq is independent of the
phonon degrees of freedom since the system-lead coupling
does not influence the phonon degrees of freedom under
the weak coupling condition, i.e., I-?Sys_lead =y (é;g ® ﬁph ®
Zk TLk.laLk(r + 6’;0 ® ﬁph ® Zk TRk,ZdAerr + H.c.). The last
term in Eq. (D4) is equivalent to Zje,qPe1(t). After applying
the Markov approximations, we derive the dynamic equa-
tion in the Schrodinger picture as follows:

(Do)
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1 00
glead,bel(t) = _ﬁ / dTTrledd{[Hsys ledd(o) [ sys- ledd( T) pel(t) b2 Ulead]]}
0

1 ° A A ~
Fph el (t) = _ﬁ/ At Trpn{[Herpn(0), [Herph(—T2), Pe1(t) @ opnll}.
0

In the following context, we focus on the term Zpp Pei(t).
The electron-phonon coupling ﬂel_ph can be reformulated by
Hubbard operators,

Hel—ph = Z Z Z("ia )pXP’p ® gZ(BZ + I;a)a
i o p o

where (n;,), represents the occupation of an electron on site
i with spin ¢ in state |p), and o represents the vibrational
modes of phonons. We define the phonon correlation function
in Eq. (D8) as

DY)

C(r) =Trpn} & Y [BL, (0) + be, (0)]

o]

x Y [B},(—72) + bay (—12) |G (D10)

In this work, we adopt a phonon spectral density A, (¢)
used in the previous work [39]. The phonon spectral density
originates from the one-sided Fourier transform of the corre-
lation function C(1p),

1 [~ A
Ape) =+ / d1,C(1p)e ™"
0

— %I‘Deffszﬂe*ﬁpn(lﬁlff)’ (D11)
where I'p represents a coupling constant, which is pro-
portional to the square of electron-phonon coupling g%. In
addition, 7. represents the correlation time in the phonon
baths, and By, = 1/kT;, represents the reciprocal of the
thermodynamic temperature of the phonon baths. We then
transform the Hubbard operators in Eq. (D9) to eigenbasis of
the system, and the Redfield tensor for phonons in Eq. (D8)
can be written as

Fonpa(t) = — — ZZZZX”

i oo’ abed
X {[Up,d(niu )pUa’p][Ud’],/(nia’)p/Up’.C]A+(8dc)pch
- [U,lp(nia )pUp,c][Up’,b(nia’)p’U;,pf]A-F(Eac)pcd}

+ H.c. (D12)

The current variations with bias voltage under different
ratio of I'p/I" are plotted in Fig. 5, where I' specifies the
system-lead coupling strength as stated in the main text. Both
Figs. 5(a) and 5(b) show evident current blockade (current
suppression) when I'p is smaller than or equal to I'. The
results support that the unique phenomenon due to many-
body coherence is robust against vibrational relaxation and
decoherence.

D7)

(D8)

(

APPENDIX E: ANALYTICAL EXPRESSION
FOR CURRENT-COHERENCE RELATIONSHIP
AND COHERENCE-GATE RELATIONSHIP

The number of equations in Eq. (7) includes 16 x 16 =
256. It is almost impossible to get an analytical solution. In
order to obtain the analytical expression for current blockade
with weak hopping and strong Coulomb repulsion, we need to
make two key assumptions: (1) fi(e.,) = 1 and fr(ge) =
and (2) we only keep many-body coherence pg: 125 Ps2, T+2|
ps2 2, and pg 2. For the first assumption, we con51der that
eV > U in the zero-temperature limit to include Coulomb
repulsion. Furthermore, for simplicity, we ignore the influence
of ¢ and ¢ on the Fermi function. Under this condition, one
can approximate fi (¢,.) = 1 and fr(&4) = 0. For the second
assumption, it is well-known that coherence can be neglected
for a large energy gap between two states. In the case of
small #/U, we consider these coherence terms, i.e., Ps2 12>

Ps2., T+21 Ps2 12,5 and Ps 52 because the energy gap between

2, S&g) and |2, S2) and the energy gap between |2, 52) and
triplet states |2, Ti%), |2, T2,), |2, T?,) are the smallest. These
two assumptions will reduce 256 equations to 20 equations,
including 16 equations for the state populations and 4 equa-
tions for coherence. The 16 population terms include P,
Por s Poi s Poi s P s Py, Pras Pras Pr, P, P, Py
PD3 B PDw PDz and PS4 whlle the 4 coherence terms mclude

Ps2., Tz '051 T2 ,052 72, and pg 52 . We do not list all 20 equa-
tions here because the1r expressions are so complicated.

In the following derivation, we will adopt the index 7 for
time in the reduced equations of motion. First, we can easily
find that both coherence Ps2 72, and pg2 72 are not affected by

steady-state populations,

dp 2 T2 | 2
$3.T2, i x-U r
S R - El
dt h 2 pS+ T+1 h ,033_ Tfl ( )
dpe ] —
Psi.r? i o« x=U _ 2r (E2)
o = Ps2.12 — 7 Ps2.12)>
dt h 2 Hi /A
(a) (W)
90 0.20
— Ip/T=0
0.72 0.16f — Tp/T=01
= — Ipr=1
£.0.54] Eo.12]
g E
£036 E0.08
3 — Ip/T=0 3
0.18 Ip/T =01 0.04
— Ip/r=1
0.0 02 2! 06 0.8 0.0 01 08 T2 1.6
Vaa [V] Vaa [V]

FIG. 5. Current-voltage characteristics with different ratio of
I'p/I" in an AH system [44] for (a) e =0.1 eV, =0.01 eV, U =
0.08 eV, I' = 0.005 eV and in a model system for (b) ¢ = —0.25 eV,
t =0.005 eV, U =0.8 eV, ' =0.001 eV. Other parameters are
T =300K,V,=0V.
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where x = +/U? + 16¢2. Therefore, at steady state, both co-
herence terms decay to O as a consequence. As for the other

J

d,OSz T2 i

coherence between singlet and triplet pg2 T2 the dynamic
equation can be derived as

~

2 i x—U or r 4 2
Jt ZEX ) ,()Sgquoz—?psi!Toz—ﬁ 1+;(PDLT_PDL¢)+ 1_;(PDLT_PDL¢)

r 4 4
a1 2 = )+ 1= Eien, - 2y )} (E3)

in which P, = p, , denotes the population of state |N,, a). In order to solve Eq. (E3), we need several auxiliary equations related

to the difference between the time derivative of populations PD1 o PDI B Ppr R Pp1 B PD3 o PDz , Pps o and Pps ,at steady state
in Eq. (7) in the main text. The auxiliary equations are listed as follows
dpPp,  dPp 2T r r 4t
+1 o __ = _ _ -
— g = Por =Py ) 5 (Pr = Pre) + [T+ —ps e, (Eda)
dPpr ~ dPp ~ 2r rf_4 b
Jr dt ——7(1)014 Ppr ¢)‘F%(Pn2 —PTE,)‘i‘g L Psun (E4b)
dPp; ~ dPp 2r r r 4t
.1 o= - N - o
et = (Pp2 . DH) + 57 (Pr2 — Pr2) — =\ 1= —psp (E4c)
dPps ~ dPps or r r 4¢
I — e = _7(PD:T Pps ) + ﬁ(PTfI — Pp ) E 1+ ,052 73 (E4d)
(
Under the steady-state condition, all the equations in Pps. L= Pps . =D, (E9d)

Eq. (E4) equal 0. Substituting Eq. (E4) into Eq. (E3), we
derive Eq. (E3) at steady state as
dps-szoz i X — U SF

dr & X ) Pst. 13 — ﬁpsi,rg =0. (E5)

Obviously, Eq. (E5) indicates that coherence pg2 T2 = 0
under the steady-state situation. By substituting pg2 72 =
0 into Eq. (E4) and two additional dynamic equations in
Eq. (7) in the main text, i.e.,

dbp; _ T
—= ﬁ(PDlw +Pp +Py Py —4Pp2) =0,
(E6)
dPTz B
= = 57 (Por  +Pp  + Py Py —4Pp2) =0,
(E7)
we obtain that population difference in Eq. (E4) as
PDLﬁT - PDLﬁi = PD‘_AT - PD‘_AL
= oy =P, =P, P,
= 1(Pr: — Pp2))
= 0. (E8)

Up to now, we have already reduced the total number of
equations from 20 to 12. Among the eight vanishing equa-
tions, three is from coherence pg2 72, Ps2 72,5 and pg2 72 and
five is from Eq. (E8). For simplicity of derivation, we define
the following notations:

PDLT = PD;¢ = A, (E9a)
Pp =Py =B, (E9b)
Py =Py =G (E9c¢)

According to the above notations, one can reduce the total
number of equations by 1 due to Eq. (E6) and the populations
P2, and Pr2 can be expressed as

Ppz = Pp2 = 1A+ B+C+D). (E10)
Py dp,
From the dynamic equations d:%, d;f s —, and d;‘)z in

Eq. (7) in the main text, the populations Py, PST4 Pg2, and Ppa
can be solved and then expressed in terms of A, B, C and D
as

1
P =S (A+B). (E11)

1
Pgi = E(C + D), (E12)

1 4 4
Py = Z[(l N f)m +O)+ (1 - ;’)<B+D>}, (E13)

1
P =;(A+B+C+D). (E14)

In other words, we have reduced the total number of equa-
tions from 11 to 7. In addition, we can obtain the relationship
among A, B, C, and D by utilizing auxiliary equations related
to the difference between the time derivative of populations

Ppr > Ppr o Pps o and Pps L at steady state in Eq. (7) in the
main text: '
Wor, 2 _ T o1 T e_p), @159
_— [ — — _— — s a
dt dt 4h 4h
= — L= —(A-C)——(B-D). (El5b)
dt dt 4h 4h
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By applying the steady-state condition, the two equations in
Eq. (E15) provide the relations among A, B, C, and D:

(El16a)
(E16b)

Apparently, the two equality in Eq. (E16) eliminates two equa-
tions, so the total number of equations have been reduced from
seven to five. In other words, if we would like to obtain an
analytical expression for current-coherence relationship, we
need to solve a system of five equations.

G ~ & 1
3-8 548 & 1
1 1 —2

142
144

1 -4
2,/1-% 2

To solve Eq. (E20), the conservation of probability is re-
quired: ), P, = 1. Combining Eq. (E20) and ), P, = 1, we
obtain the solutions as follows:

1T 7
= |1 E21
“T el +2x—3}’ (E21a)
1T 7 —4n
b= —|1 : E21b
16| +2,\—3} (E21b)
1T xn 1
A=—|1-(1=-1). . (E2lo)
16| r) 23
B i (14 : (E21d)
16| t ) 2x=3]
r 1
c= )2 — (E21e)
2 2x—3

where ¢ =x/(x+U), n=(x—-U)?/Bx>+U?), and A =
(¢ +1/2)n +¢[4 + (x — U)?/4I'?]. Under the weak hop-
ping and strong repulsion, x ~ U, ¢ ~ 1/2, n~ 0, and
the populations as well as the magnitude of coherence
become

1

Pog=a~ 7, (E22a)
1

Pp =b~ o (E22b)

_ U e ] E22
lpspgse| = gz H1llelr 5 (E220)
.. . dpg 2
where we have utilized the relation from ;j =
x—=U
m[og 5] = =5 (E23)

The results in Eq. (E22) can be interpreted as an ef-
fective two-level model with states [S2g) and |S?), which

0
V2o 1+ Y

To derive a current-coherence relationship, we need an
expression for P , P, and Re[pg 2 1, which are defined

as
Po =a, (E17)
Py =b, (E18)
Re[pg, 52 ] = c. (E19)

Next, we can obtain five relations among A, B, a, b, and ¢

. . dP 1 dPDl dPsg dP52 d,osg 52
from the dynamic equations d—f”, —h S, o, —
in Eq. (7) in the main text as

4 4 ]
- ?t 2./1— ;’
4 A 0
14 2 ! B 0
0 V2 1+ % |la]|=]0]. (E20)
b 0
U
—2 V2,1 +3 e 0
U @=U)?
ﬁ'\/l"'? [4+ Tarr ]_

(

supports the argument that coherence pg2_ 52 is bounded above
by 1/2. Recall that our target is to ‘Jerive the analytical
expression for steady-state current. From Eq. (C2), the steady-
state current can be obtained from dynamic equations of

populations:
I— el 1+ 1 n—=2
R 2 2a-3]

By using Eq. (E21e), Eq. (E23), and Eq. (E24), we can
derive the relation between current and the magnitude of
coherence pg2 2. Under the weak hopping and strong repul-
sion, x ~ U + 8t2/U, ¢~ 1/2,n =0, and we can derive the
current-coherence relationship as follows:

_el 1 [42\*7'?

(E25)

(E24)

Under the extreme condition, 42 JUT" =~ 0, we can derive
another current-coherence relationship in the main text,

el’
I: 7 {1—2' |pSéS’S2—

L. (E26)

We have mentioned in the main text that the coherence can
be tuned by the gate voltage. To obtain the gate dependency
of coherence, we rewrite the aforementioned five relations
in Eq. (E20) by considering the Fermi function f;(E) =
O(u; — E), where O(u; — E) denotes the Heaviside step
function (zero-temperature limit). To simplify the following
derivation, we apply the strong Coulomb repulsion and weak
hopping condition first, and the matrix in Eq. (E20) can be

125422-12
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adapted as
—4+ JK(E)+KE+U) — 1K(E) —1K(E+U) —IK(E+U) L(E+U) 4 0
- 1K(E) —4+ SK(E) + K(E +U) — 3K(E+U) - 3K(E+U) L(E 4+ U) B 0
2—KE)+KE+U) 2—-KE)+KE+U) —4+2K(E)—2K(E +U) 0 —2L(E) — 2L(E + U) al|=|0
2—K(E)+KE+U) 2—K(E)+KE+U) 0 —4+2K(E)—2K(E+U) —2L(E)—2L(E+U) lc’ 8
—L(E)— L(E +U) —L(E)—L(E +U) —L(E)—L(E+U) —L(E)—L(E+U) —4+2K(E)-2K(E+U)
(E27)

where £ =¢ —eV,, K(E) =0O(uL —E)+ O(ur — E), and L(E) = O(uL — E) — O(ur — E). By applying the condition
>, P. = 1, we derive the real part of coherence Re[pg2, 52 ] as a function of the gate voltage Vy:

_2—K(E+U){ 4L(E+U)[L(E)+L(E+U)]+4[2—K(E+U)]'[2_K(E)+K(E+U)]} (E28)
- M4L(E+U) B3L(E 4+ U)L(E) + LE4+U)]1 —42-K(E+U)]-[2—-K(E)+K(E +U)] )
[
In Eq. (E28), the gate dependence is introduced  relationship as
through step functions in K(E) and L(E). For sim- 1 2—O(u, —E —U)
plicity, we focus on the case that up =~ E + U, where c=—-X L (E29)

current suppression is significant, and make the follow-
ing simplification: O(up —E) =1, O(ur —E) =0, and
O(ur — E — U) = 0. Finally, we obtain the coherence-gate

25 —8+470(uL—E-U)’

which specifies the condition eV, > ¢ + U — ur. for the mag-
nitude of coherence | P52 82 |~| ¢ | to reach maximum 1/2.
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