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Nonreciprocal effects in nanoelectronic devices offer unique possibilities for manipulating electron transport
and engineering quantum electronic circuits for information processing purposes. However, a lack of rigorous
theoretical tools is hindering this development. Here, we provide a general input-output description of non-
reciprocal transport in solid-state quantum dot architectures, based on quantum optomechanical analogs. In
particular, we break reciprocity between coherently coupled quantum dots by dissipation-engineering in which
these (so-called) primary dots are mutually coupled to auxiliary, damped quantum dots. We illustrate the general
framework in two representative multiterminal noninteracting models, which can be used as building blocks for
larger circuits. Importantly, the identified optimal conditions for nonreciprocal behavior hold even in the presence
of additional dissipative effects that result from local electron-phonon couplings. Besides the analysis of the
scattering matrix, we show that a nonreciprocal coupling induces unidirectional electron flow in the resonant
transport regime. Altogether, our analysis provides the formalism and working principles towards the realization

of nonreciprocal nanoelectronic devices.
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I. INTRODUCTION

The ability to break reciprocity in nanoscale devices is
crucial for quantum information processing and telecommu-
nication, as the nonreciprocal functionality can protect active
elements against extraneous noise. Reciprocity may be bro-
ken in various ways, such as by introducing asymmetry and
nonlinearity, as in electrical and thermal diodes. Recently, sig-
nificant attention has been given to engineering nonreciprocal
transmission amplitudes in quantum optomechanical systems
based on the interference between coherent couplings and
dissipative effects [1-18]. The analogous effect for electron
transport is also highly desirable, as proposals for quantum
information processing and computing platforms are based
on electronic networks such as quantum dot arrays [19] or
superconducting qubit circuits [20]. However, engineering
nonreciprocal behavior in electronic systems—based on bal-
ancing coherent and dissipative couplings—remains almost
unexplored, besides a recent study on a specific double quan-
tum dot setup [21]. One concrete challenge is that for electron
flow, one needs to control the charge current, which inte-
grates over electrons in the full bias window, rather than only
focus on the transmission probability at a particular energy.
Much remains, therefore, to be learned about how to engi-
neer nonreciprocal interactions in general electronic settings.
Particularly, it is desirable to establish a simple yet general
theoretical tool fitting for this task.

Here, we employ a recent theoretical advance, termed the
generalized input-output method (GIOM) [22,23] to address
this challenge, and describe nonreciprocal nanoelectronic de-
vices. Within the framework of the GIOM, the influence of
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fermionic environments exerted on electrons is encoded in
generalized input and output fields, and the system dynam-
ics is described by Heisenberg-Langevin equations (HLEs),
thereby establishing a complete analogy to theoretical de-
scriptions of quantum optomechanical systems. Building
upon this input-output picture, we generate nonreciprocal
couplings in electronic systems through dissipation engineer-
ing [4]. Focusing on solid-state quantum dot architectures, a
simple yet general strategy to induce nonreciprocal coupling
between quantum dots lies in building interference between
coherent (Hamiltonian) inter-dot couplings, and dissipative
interactions. This interference is controlled by an applied,
tunable magnetic field, which builds complex-valued coherent
tunneling elements [21].

We employ this mechanism in our setup by introducing
primary and auxiliary quantum dots. The primary quantum
dots construct the circuit of interest between two electrodes,
termed “left” (L) and “right” (R). To control the direction-
ality of electrons towards say the R electrode, the primary
dots are mutually coupled to auxiliary quantum dots, which
experience strong dissipation (loss) induced by additional
fermionic reservoirs. In the large damping limit, one can adia-
batically eliminate the auxiliary dots, resulting in an effective
dissipative interaction between primary quantum dots. Non-
reciprocal coupling is generated by balancing this induced
dissipative interaction against the inherent coherent hopping
processes, and the directionality of electron transmission at
the L and R interfaces is controlled by an external magnetic
field. Figures 1 and 3 present three-dot and four-dot examples
with two primary dots (d, d;) and one or two auxiliary dots
(a1, @2).
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To illustrate the utility and generality of our approach, we
study two minimal models consisting of three or four dots,
which mimic two different situations in which direct coherent
hopping between the two primary dots may or may not be
present, as in Figs. 1 and 3, respectively. Larger networks
can be built based on these minimal building blocks. In the
noninteracting scenario, we easily identify optimal conditions
for efficient nonreciprocal charge transmission from the exact
HLEs and the scattering matrix obtained from the input-
output relation. This analysis expands the scope of a previous
study [21], and provides more insights into the underlying
mechanism in general settings. As HLEs allow a simple yet
exact solution for the charge current, we examine nonequilib-
rium configurations and demonstrate a unidirectional charge
transport due to nonreciprocal couplings, without engineer-
ing the spectral densities of the fermionic reservoirs [24,25].
We further address the impact of electron-phonon couplings
on nonreciprocal interaction engineering: By introducing a
polaron-dressed scattering matrix, we show that the con-
ditions for optimal nonreciprocal charge transmission are
unaffected by the presence of local electron-phonon coupling.

Altogether, in this study we (i) describe a general
framework for building nonreciprocity in electronic circuits,
analyzed through the scattering matrix and the charge current,
(ii) study two central models with nonreciprocal behavior
induced by countering direct or indirect coherent coupling
by an engineered dissipation, and (iii) rigorously show that
local electron-phonon interaction does not affect conditions
for nonreciprocity.

The paper is organized as follows. In Sec. II, we introduce
the general setup and the input-output scheme based on the
GIOM. In Sec. 111, we illustrate how to generate nonreciprocal
behavior through dissipation-engineering using two minimal
models. Signatures of nonreciprocal interactions in nonequi-
librium charge transport are demonstrated in Sec. IV. We
address the impact of electron-phonon coupling and nonengi-
neered dissipation on nonreciprocity in Sec. V and conclude
in Sec. VI with some final remarks.

II. MODEL AND INPUT-OUTPUT METHOD
FOR CHARGE TRANSPORT

The general setup includes coherently coupled quan-
tum dots and fermionic environments, described by the
Hamiltonian [21,26] (hereafter, hi=1, e=1, kg =1 and
Fermi energy e = 0)

H = Hcoh +Hdiss- (1)

Here, H o, is the coherent system Hamiltonian, and it in-
cludes both primary and auxiliary quantum dots. It includes
fermionic operators and only quadratic terms. We specify this
term in Sec. III. We are interested in controlling the charge
current entering and leaving the primary dots. Auxiliary dots
serve to prepare the nonreciprocal interaction. For simplicity,
for each dot we only include a single electronic level [21,26]
with annihilation operators {d,} and {a,} for the primary
and auxiliary dots, respectively. Hgiss includes dissipative-
damping terms of all dots, in the form of particle loss to

independent metallic leads [21,26],

Hdiss = Z [e,‘fncz;fcfn + tlfn (CZr;Td” + d;Cin)]
k,n

+ Z [Ellclmcz;rjcz;n + t/?m (CZ;;Clm + ajncl(:m)]' 2
k,m

The first row describes the coupling of the primary dots
(counted by n) to the source and drain metal leads. c,‘fn anni-
hilates an electron with energy e,fn in the lead that couples to
the n primary dot with t,fn the tunneling rate. The superscript
“d” highlights that these dissipation terms affect primary
dots. The second row describes the coupling of auxiliary
dots (counted by m) to their own metal leads, which induce
dissipation. The definitions for auxiliary dots are similar to
those of primary dots, with the superscript “a” marking terms
related to the auxiliary dots. The damping effects induced by
the different sets of metallic leads are characterized by the
spectral densities I',(¢) = Zk(t,fn)25(e — e,’fn) and k,,(¢€) =
7y (18 )?*8(e — € ). Note that in our work, we follow con-
ventions from the charge transport literature, with I" as a width
parameter induced by the source and drain electrodes, and «
serving as a damping rate constant due to auxiliary reservoirs.
Notably, in the quantum optics literature the opposite conven-
tion is used, with « as the coupling rate to the input and output
physical ports, and I" the engineered-bath damping rate [4].
We now briefly introduce the input-output equations for the
above electronic system. More details on the GIOM can be
found in Refs. [22,23]. Interpreting as the initial conditions,
generalized input fields from metallic leads are defined as

d —ied (t— d
Ay in(t) = int=0)ed (1),

1
— ) il
7 2
1 - a
Am.in(t) = E Zt/?me_lek’”(t_lo)sz(t())’ 3)
k

with #( the initial time at which the dynamical evolution be-
gins. Generalized output fields, dy, out, @m,out, relate to input
fields through the following input-output relations:

[2
dn,ou[(t) = dn,in(t) —1i _Fndn(t)a
T

am,out(t) = dpm,in @) — i\/g’cmam(t)- @

We emphasize that in the wide band limit [27], the dot-lead
hybridization energies I', and «,, are treated in an exact man-
ner in the GIOM. For simplicity, we set I, = T" and «,, = k
hereafter. For our purposes, we consider the strong damping
limit for the auxiliary dots such that x defines the largest
energy scale in the system.

Defining column vectors Fg = ({d, g}, {am,ﬂ})T B =
in, out), O = ({d,}, {a,})T and a diagonal matrix K =
diag({T"}, {«}), the above boundary conditions can be recast
nto

Fou(t) = Fin(r) — i\/gK -0@). &)

Within the framework of the GIOM, dynamical evolution of
an arbitrary system operator O is described by a so-called
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Heisenberg-Langevin equation (HLE)
O = ilHan, Ol —i) LY —i) AL (6

where

V2rdt )0, d, 14

nm

+ 10, d/1+(—ild, 4+ 27 d, in),
F(ika), + /2 am O, anml+
+10, @ e (—ik @y + V27 in). (7

The top signs apply if O is a fermionic operator; the bottom
signs apply if O is bosonic. The second situation is relevant
once we consider electronic systems with nonzero electron-
phonon couplings. In that scenario, O can be a phononic
operator, see Sec. V for a detailed discussion. We defined
[A, B]- = [A, B] and [A, B]; = {A, B} representing the quan-
tum commutator and anticommutator, respectively. For the
vector O, we thus have [22]

O@t)=M -0(t)+C - Fi,(t), ®)

L% = F(ld +

AT =

where we introduced a time-independent drift matrix M
and a coefficient matrix C whose detailed forms are model-
dependent.

To engineer nonreciprocal interactions between two pri-
mary dots, one should find a directionality condition in which
one dot is influenced by the other, but not vice versa, in the
spirit of cascaded quantum systems [4,28,29]. Moreover, for
nonreciprocal interactions to be efficient in quantum signal
transmission, we should further tune the system in such a
way that the reflection of injected electrons at primary dots
can be suppressed. This later condition is referred to as the
impedance matching condition.

We point out that the directionality condition can be
obtained by adiabatically eliminating auxiliary degrees of
freedom involved in HLEs for primary dots in the large
damping limit. However, the impedance matching condition
cannot be inferred from HLEs. To obtain both conditions
simultaneously, one should resort to the scattering matrix
S(w) in the Fourier space, which relates input and output
fields through F (@) = S(w) - Fin(w), as was done in quan-
tum optomechanical systems [1-6,9-12,14—16]. Our GIOM
indeed offers such a scattering matrix description. To this
end, we consider Egs. (5) and (8) in the frequency domain

Fin(w) — t\/zK O(w) and
O(w) = (—iwl — M)~'CF;,(w) with I the identity matrix.
Together, we obtain the scattering matrix

via Fourier transform, F o (w) =

S(w) =1- i\/gK (=il —M)'-C, 9)

without actually solving the coupled dynamical evolution
problem, Eq. (8). An efficient nonreciprocal interaction be-
tween primary dots j and k corresponds to maximizing the
forward transmission coefﬁcient IS|*> while minimizing the
reverse transmission |S;;|?, as well as suppressing the re-
flections |S J ]|2 and |Skk|£ with impedance matching. Hence,
Eq. (9) provides a general recipe for engineering nonrecip-
rocal interactions in quantum dot systems. This treatment

Ha
ainl 1aout

dl in

/ \ din
_ d 42 dy ~ UR

d2 out

239

dl out

FIG. 1. A three-dot system with a loop phase ¢. Electrons tun-
nel between primary dots with the coherent tunneling g. A is the
tunneling term between primary and auxiliary dots. Each dot is
tunnel-coupled to a metallic lead whose chemical potential can be
externally controlled. The auxiliary dot a is strongly coupled to a
fermionic reservoir with the damping rate «. Nonreciprocal behavior
results from the interference between the coherent couplings g and A
and the dissipative rate «.

is exact (under the wide band limit): Unlike quantum mas-
ter equations of motion based on the Lindblad formalism,
the GIOM is nonperturbative. Furthermore, the GIOM for-
malism provides a simple, flexible framework that can be
readily implemented for quantum dot circuits with complex
connectivity.

III. ENGINEERING NONRECIPROCAL
INTERACTIONS: CASE STUDIES

To illustrate the utility of the above general discussion and
Eq. (9) on nonreciprocal interaction engineering, we study
two cases: In the three-dot model, engineered dissipation
counteracts direct couplings between the primary dots to in-
duce nonreciprocity. In contrast, in the four-dot model the
two primary dots do not directly couple, and two auxiliary
dots with engineered dissipation build up the nonreciprocal
coupling between the primary dots.

A. Three-dot system: Direct coherent coupling
between primary dots

We first consider the case in which a direct coherent tun-
neling of electrons between the primary dots is presented.
For demonstration purposes, we adopt a minimal three-dot
system, with two primary dots (1 and 2) and one damped
auxiliary dot (a), as shown in Fig. 1.

The coherent part of the total Hamiltonian takes the form

Hen = Y €udidy + [gd{dy + ra'(dy + do) + Hee].
n=1,2
(10)
Here, d, (a) is the annihilation operator for the primary dot
n (auxiliary dot a), €, is the corresponding electronic on-site
energy for the primary dot n (the on-site energy of the auxil-
iary dot is set at zero, as it plays a negligible role in the large
damping limit). g (1) is the coherent coupling between the two
primary dots (between primary dots and the auxiliary dot).
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To break the time-reversal symmetry between the two
dots, an external magnetic field that pierces through the
closed loop formed between the three dots is applied. Due
to the Aharonov-Bohm (AB) effect, the coherent tunneling
amplitudes g and A gain AB phase factors. To be more
precise, let us express the hoping terms in Eq. (10) as
\gle® d]dy + |Ale®a’d) + |1l a’dy + H.c. with real AB
phase factors satisfying ¢ + ¢ — ¢3 = ¢ = 210 /0O,. Here,
the loop phase ¢ is determined by the magnetic flux ® en-
closed by the closed loop and the flux quantum ®¢ = h/e.
Notably, the loop phase is gauge invariant under a gauge trans-
formation by adding to the vector potential of the magnetic
field a gradient of a scalar, as the integration of a gradient
of a function over a closed loop is identically zero. Never-
theless, we can have local gauge freedom under local U(1)
group operation, for instance, d; — eX1d,, with the constraint
that the accumulation of additional phase factors along the
closed loop should be zero. Hence, we adopt here a gauge in
which A is real and g = |g|e’® carries the loop phase without
modifying the overall physics. In the following, we just use
the Hamiltonian Eq. (10) but assume that g is complex. We
remark that our setup is distinct from the quantum-dot AB
interferometer of Refs. [30-32]. There, the closed loop in-
volved the metal-dot couplings, which therefore gained phase
factors. In contrast, here the closed loop is formed between
the different dots, therefore, tunneling elements in Eq. (2) do
not gain phase factors. We also set the levels to be identical,
€, = €4. This ensures that nonreciprocity emerges here due to
the combination of complex coherent coupling and dissipation
engineering, and not due to the energetic asymmetry between
the dots.

We write down the corresponding HLEs for annihilation
operators using Eq. (6) (explicit time dependence is sup-
pressed)

dl = —ieddl - Fdl — igdz — i 27Td1,in - ika,
622 = —iéddg — Fdz — ig*dl — iV 27Td2'in — i)»a,
a = —ka—iN2may, —ir(d; + dy), (a1

where we denoted A = dA/dt, g* is the complex conjugate
of g. In the large damping limit, with « as the largest energy
scale, one can adiabatically solve the last HLE [4], yielding

27 A
a = —i QAin — i;(d1 + dy). (12)
To justify this approximated solution, one can solve
the third equation of Eq. (11) formally, a(?) =

J

li(eq — ) + 2 /k]* —

—iv27 1 e Day(vydt —in [T e O d(v) +
dy(t)]dt. In the large damping limit, one can approximate
the exponential function as a Dirac delta function,
e~ ~ §(t —1)/k, and Eq. (12) is recovered. This
approximation holds when the exponential decay is faster
than the dynamics of a;, and d; », whose dynamics is dictated
by other energy scales in the problem, I', A, g, €.
Inserting Eq. (12) into the HLEs for d,, d5, we find

. A2 A
dy = —Zd| — <— + ig)dz — i 27Td1’in — —2may,,
K K

. A2 A
dz = —Zd2 — (— + lg*>d1 — iV 27Td2,in - = Znain, (13)
K K

with Z = ie; + I' + A?/k. Note that the coherent coupling
involves g in the first line of Eq. (13) and g* in the second line.
Therefore, the two coupling terms may cancel, but only in
one of the above two equations. Here we set the directionality
condition

)\‘2
g = i7, (14)

which results in a nonreciprocal interaction: Dot 2 is driven
by dot 1 but not vice versa, as dot 1 is not influenced by dot 2.
This directionality can be reversed by tuning the phase of g:
Let g = |gle®. Considering the opposite loop phase ¢ — —¢
(this can be achieved by reversing the direction of the applied
magnetic field), Eq. (14) turns into |gle™™ = iA?/k which is
just the condition g* = iA?/k.

Notably, a more general directionality condition can be
identified from the exact solution of Eq. (11), directly in
the Fourier space without invoking the adiabatic elimina-
tion. By combining the HLEs for d; and a in the Fourier’s
space, we find d) (w)[T + ieg — iw + A2/ (k — iw)] = (—ig —
e iw))da(w) + - - -. The terms that are not explicitly
written here depend on the input fields. By removing the
dependence of dj(w) on d>(w) we identify a frequency-
dependent directionality condition, g = iA?/(k — iw). Obvi-
ously, Eq. (14) is recovered in the large damping limit by
dropping the imaginary part in the denominator.

To identify an optimal configuration, we turn to the scat-
tering matrix by utilizing Eqgs. (12) and (13) (for simplicity,
only the elements of the upper left 2 x 2 matrix are listed as
it corresponds to the scattering matrix for the primary two-dot
system)

T2 — (W /K +ig)(A*/k +ig")

Si(w) =

li(eg — @)+ A2/k + T2 — (A2 /k +ig)(A2/k + ig*)’
2 (A% /K + ig)

Sip(w) =

S1(w) =

li(eq — @) + 22/ + T2 — (W2 /k +ig)(A2/x + ig*)’
2 (A% /K +ig*)

Sn(w) = Si(w).

li(ea — @) + 22 /K + T — W2/ +ig)(3* /K +ig*)’

(15)
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Intriguingly, one can readily obtain the directionality condi-
tion Eq. (14) by setting §15(w) = 0.

We recall that in the scattering formalism, S;(w) is the
reflection amplitude, of an electron of energy w to arrive
towards dot 1 from lead L, and be scattered back to that same
electrode. Similarly, S12(w) is the transmission amplitude, for
an incoming electron from the L side to be absorbed at dot
1, and be transmitted to the R terminal through dot 2. The
directionality condition requires Sj>(w) = 0, yet allows the
reverse transmission process, S| (w) # 0.

Applying the directionality condition, the scattering matrix

elements reduces to ([Sy(w) = S(a))| e=ir?/ic)
i(eg —w)+A2/k =T
i(eg — )+ A2/ +T°

Sin(@) = Sym(w) =

Sa12(w) =0,

4rA2 /K
li(eq — @) + A2/ + T*
We can further suppress reflections, that is, diagonal elements

of the scattering matrix. In the resonance limit (i.e., w = €;),
one immediately finds that S, 11 = Sz.22 = 0 when tuning

)\‘2
r=2=. (17
K

Saa(w) = (16)

In analogy to quantum optomechanical systems, we refer to
this relation as an impedance matching condition. Notably,
this condition cannot be inferred from the HLEs Eq. (11).

We point out that S‘dm (e4) = 1 when Eq. (17) holds, which
corresponds to a maximum nonreciprocity between the two
primary dots. However, this maximum nonreciprocity only
occurs for the resonant situation, with |w — €;] < I', while
the directionality condition Eq. (14) holds for all frequencies.
The behavior of scattering matrix elements as functions of
the tunneling element g and the frequency w is depicted in
Fig. 2, from which we clearly observe the optimal conditions,
as well as parameter ranges where an efficient nonreciprocal
interaction can be achieved. The directionality condition is
analyzed in Fig. 2(a). In Fig. 2(b), the directionality condition
is satisfied, and we test the resonance condition, which is
required for impedance matching.

B. Four-dot system: Indirect coherent coupling between
primary dots

‘We now turn to the situation in which the primary dots are
not directly connected. To this end, we consider a four-dot
system as shown in Fig. 3, a minimal model that consists two
primary dots and two auxiliary dots. The coherent part of the
total Hamiltonian in Eq. (1) reads

Heon =Y €xdidy+ Y Spaban +[gndia] + gndidj
n=1,2 m=1,2

+ gndral + gndoal + Hell, (18)

where d, (a,,) is the annihilation operator for the primary dot
n (auxiliary dot m), €, (§,,) is the corresponding electronic
on-site energy for primary dot n (auxiliary dot m), g11.12.21.22
are the coherent hopping rates between primary and auxiliary
dots. We again set €, = €;. Here, the on-site energies for

Sy [€d]

Sanmw]

I
-2 -1 0 1 2
w/cd -1

FIG. 2. Nonreciprocal behavior in the three-dot model of Fig. 1.
(a) Scattering matrix elements in Eq. (15) at frequency w = €, as
a function of the tunneling element g. We set I' = A% /«. The phase
of g is fixed such that arg[g/(A?/x)] = 7 /2. (b) Scattering matrix
elements in Eq. (16) as a function of frequency w, when the direc-
tionality condition as well as as the impedance matching condition
are fulfilled. In both panels, we setI' = ¢; = 1.

auxiliary dots are important, in particular, we will see below
that one needs to set §; # &, so as to ensure the directionality
condition to be fulfilled, similar to the situation in quantum
optomechanical systems [10,11].

To determine optimal conditions for nonreciprocal interac-
tion, we again resort to the HLEs for annihilation operators by

Hu
a1,in 1 1a1,out

FIG. 3. A four-dot system with a loop phase ¢ enabling nonre-
ciprocal interaction engineering: Electrons can hop between primary
and auxiliary dots with coupling rates gj;.12.21.22 and each dot is
tunnel-coupled to a fermionic reservoir whose chemical potential can
be externally controlled.
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using Eq. (6) together with Eq. (18),
dy = —ieqdi — Tdy + ig} a1 + igl,ar — iv27d) i,
dy = —ieqdy — Ty + igh,ar + ighyar — iv/2mdy o,
ar = —idiar — kay + igndy + igaids — iv2may i,
ay = —ibrar — kay + igiady + ignds — iV2mar . (19)

In the large damping limit in which « defines the largest
energy scale, one can adiabatically solve HLEs for auxiliary
operators, yielding

. N2m . gu 821

= - n + N d + ) . d ’
a ll(+l81 ! lK+l51 ! ZK+151 2
2 g12 822
=i i g 152 g (20
= llc+i82a2’ ZK+182 ! lK+l52 2 (20)
Inserting them into the HLEs for d,, d», we find
. . lgi11? lgi2l?
dy = —|ie r d; — &d
: ("’+ et Texin ) 0"
* /2 * /2
—iN2md in + 81 ,nal in + 812 'n 2,in>
' K+i8 Kk +id 7
. . lg211? lg22]?
2 <l d K+ i8; K+ 18, 2 :
kN2 S/ 2T
—iN2mdy i + 821 aiin + &2 azin, (21)

K +i8; K+ 6

here, we denoted & = fi‘_—f;: + ﬁi—fg and ¥ = ial-_fsl: + ﬁi—i;i

A nonreciprocal interaction between the two primary dots
is achieved by letting ® = 0 while keeping W finite, that is,
we consider a situation in which primary dot 2 is influenced
by primary dot 1 but not vice versa. Similar to the three-dot
system, we take all hopping rates to be real except g>; with a
loop phase ¢, g21 = |g21]€™. To clarify the analytical results,
we further assume that each auxiliary dot is equally coupled to
both primary dots such that g;; = |g21| = A1 and g12 = g =
Az. Hence the directionality requirement & = 0 corresponds
to the following loop phase:

K +i81 A3
K +i8 A7

el =

(22)

As can be seen, nonreciprocal interaction is absent if §; = &,
since then ¢ is a real number and both ® and W vanish.
Similar to the three-dot case, we can reverse the direction of
the nonreciprocal interaction at the opposite loop phase.

To gain more insights into the optimal configuration, we
examine the scattering matrix obtained from Egs. (20) and
(21) in the Fourier space (for simplicity, only the elements of
the upper left 2 x 2 matrix are listed as it corresponds to the
scattering matrix for the primary two-dot system by choosing
the basis order dy, d>, a;, a»):

[i(A — ®) + Z][i(A — ©) + £ — 2] — dW
(A — )+ T — W
2rd

(A — )+ Z)? — oV’

511(60) =

’

Sip(w) =

0.3 — ; 0.3 "
(a) 6/A =01 (b) 6/A =5,
< 1 ) 1
! E 1
1 i 1
1 i 1
1 1
1 1
0.2 : — 0.2 : _
1 I
| I
1 1
3 v |
g ! H 1
o ! |
“ 0.1 : — 0.1 : |
\_5'11\? = [Sn)? b
L |Sul* = |Sf?
1 Vi
X S
s s
0 s gl 0 e
Siof* =[S ? :
1 1
I 1 I I 1 I
2 -1 0 1 2 2 -1 0 1 2
w/A—1 w/A -1

FIG. 4. Scattering matrix elements in Eq. (23) as a function of
frequency w for (a) §/A = 0 and (b) §/A =5, when the direction-
ality condition as well as as the impedance matching condition are
fulfilled. We set I'/A = 1 and « /A = 10.

$01(0) AN
) = ,
o (A — o)+ 2> — ¥
Sn(w) = 811(w), (23)
where we denoted A = ¢; — Kﬁféz - K’%fgz, =TI+ % +
1 2 1
KZA%T’;%' We readily obtain the directionality condition Eq. (22)

by letting §15(w) = 0.
Considering the on-resonance situation with w = A and
impedance matching the system with ¥ = 2I" or equivalently
A Ak
r=—4"_4+ 2 24
kK2+681 k24683 24)

we obtain the following scattering matrix elements:

Sr(A v 25
21(A) = T (25)
under the directionality condition ® = 0 [cf. Eq. (22)]. The
expression for Sy;(A) further highlights the necessity of §; #
8, for the appearance of nonreciprocal interactions as W
81 — &, when the directionality condition is fulfilled.

The behavior of the scattering matrix elements as a func-
tion of frequency is depicted in Fig. 4. In the calculation,
we choose A = Ay = A,8; = —8, = 6 such that ¥ = 21"}(?1.(S
when the directionality condition is applied. In Fig. 4(a),
we show that there is simply no tunneling between two pri-
mary dots when §; = §, = 0; the transmissions |S‘12(co)|2 =
|821 (@)]? = 0 indicate that electrons from primary dots are all
absorbed by auxiliary dots. Trivially, there is also no nonre-
ciprocity in this case. When §; # §, as depicted in Fig. 4(b),
we can achieve nonreciprocity. However, we should point out
that here the scattering matrix cannot be optimized to the
ideal case in which |S,;(A)|?> = 1, in contrast to the three-dot
system. In principle. |S5;(A)[> = 82/(k? + 8) approaches 1
when & > «, but this is at odds with our assumption that «
corresponds to the largest energy scale in the problem.

S11(A) = 8§52(A) = 812(A) = 0,
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IV. NONEQUILIBRIUM CHARGE TRANSPORT

So far, we discussed nonreciprocity for charge transport by
studying the properties of the scattering matrix, with  as the
energy of an incoming electron, [see Eq. (9)]. However, unlike
in optomechanical systems, where it is sufficient to analyze
the behavior at a particular frequency [4], for electron trans-
port the observable is the electrical current, integrated over
electron transmission within the bias window. While the direc-
tionality condition does not depend on frequency, impedance
matching relies on the resonance condition to eliminate reflec-
tions, see the discussion of Eq. (17). As such, it is clear that we
cannot exactly satisfy the zero reflection condition for the net
charge current, and it is important to analyze the extent of non-
reciprocity in the behavior of the current at finite bias voltage.

In this section, we analyze signatures of nonreciprocal
interaction from the perspective of charge transport, when
chemical potentials of the attached primary leads are tuned to
be different. We require that chemical potentials of auxiliary
leads are much smaller than those of primary leads so as to
ensure that electrons and noise from the auxiliary leads do not
transmit to the primary system, a feature favored by quantum
signal processing applications. We adopt a convention that
forward voltage bias corresponds to py > ug.

As such, nonreciprocity for the charge current corresponds
to observing J (—V) # Jg(V) (V > 0), that is, the current
towards the left metal (from the right electrode since the
auxiliary electrodes cannot feed in electrons) in the reverse
(negative) bias regime is different from the current reaching
the right electrode from the left one in the forward bias regime.

Observables of interest are the steady-state charge currents
out of left (L) and right (R) lead (currents are defined positive
when flowing from the electrodes towards the dots). In the
context of GIOM, they have the following formally exact
definitions in the Heisenberg picture [22] [it is sufficient to
work with input fields due to input-output relations Eq. (4)]

Jo = 2(V2rIm(d{dy ) — T{d]d)),
Jr = 2(V2xIm(d}dy i) — T(dlda)). (26)

Here “Im” refers to an imaginary part, the ensemble averages
are performed with respect to an initial factorized state for
dots and leads. Specifically, we assume that the metallic leads
are initially in their thermal equilibrium states characterized
by the Fermi-Dirac distribution n}.(¢) = {exp[(e — u,)/T]+
1}~! with u, the corresponding chemical potential and T
the temperature. With the initial thermal equilibrium states,
statistics for input fields can be defined (see Appendix A
for details). As the GIOM conserves the total charge in the
metal-dots system [22], the current flowing into the auxiliary
leads can be inferred from charge conservation.

Unless otherwise stated, we assume in the following charge
current calculations that the system has been tuned to satisfy
both the directionality condition and the impedance matching
condition [cf. Egs. (14) and (17) for the three-dot system,
Egs. (22) and (24) for the four-dot system].

A. Three-dot system

To obtain steady-state charge currents for the three-dot
system, we should first solve Eq. (13) in the steady-state limit,

J,/T

0.06

0.05F

0.04
-
~0.03
<

0.02

0.01

-20 -10 10 20

FIG. 5. Charge currents out of left lead (J;, solid line) and right
lead (Jg, dashed-dotted line) as a function of voltage bias V for
(a) resonant transport with €,/I" = 1 and (b) off-resonant transport
with €,/I" = 20. The left and right insets in (a) show ideal charge
transfer pathways (as indicated by green arrows) in the large reverse
and forward bias regimes, respectively. We set u, =V/2, ugr =
—V/2, u,/T = =50, and T /T = 0.5. Other parameters are selected
so as to satisfy Eqs. (14) and (17).

and then insert those solutions into definitions Eq. (26). A
straightforward evaluation leads to (details can be found in
Appendix B)

de 4T?
JL= _ﬁ[
27 472 + (€4 — €)

S _/ de 42
B ) 2nar2 4 (ey—e)?

ng(e) — np(e)], 27

[nf () — ()]

de 1614
/ 27 [4T72 + (€4 — €)*]?
As can be seen, Jy is independent of the right lead influ-
ence due to the nonreciprocal interaction. On the contrary,
Jr has contributions from both the left lead and the auxiliary
reservoir. Noting that we consider the parameter regime of
e <K min(ug, mgr), which ensures that no electrons as well
as noise from the auxiliary reservoir transmit to the system.
Therefore, according to Egs. (27) and (28), J;, is always posi-
tive (electron leave the L lead), irrespective of the direction of
the voltage bias between the two primary dots, while Jg can
become negative, thereby allowing electrons from the left lead
to reach into the right one.
The behavior of the steady-state charge currents, J;, and
Jr, are shown in Fig. 5. We consider both resonant and
off-resonant regimes, noting that the impedance matching

[nE(e) —np(e)].  (28)
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FIG. 6. Charge currents out of left lead (J;, solid lines) and right
lead (Jg, dashed-dotted lines) as a function of voltage bias V for
the ratios @ = A?/(xT") = 1, 4, 8, relaxing the impedance condition.
The directionality condition is imposed. Other parameters are the
same with Fig. 5(a).

condition, Eq. (17) relies on resonant transport behavior [see
also Fig. 2(b)]. As can be seen from the Fig. 5(a) for the reso-
nant transport case, in the negative bias regime with p; < ug,
electrons out of the right lead are routed into the auxiliary
dot without flowing into the left lead (otherwise J; should
become negative). While in the case of forward (positive) bias,
electrons out of the left lead follow two transport pathways:
One part is transmitted into the right lead and the other part
is absorbed by the auxiliary dot. The corresponding electron
transfer pathways in the reverse and forward bias regimes are
highlighted in the insets of Fig. 5(a). Overall, the intrinsic
dissipation of the auxiliary dot, which takes electrons out
of the system regardless of the transmission direction, is an
essential ingredient for the nonreciprocal interaction engineer-
ing reported here. This figure illustrates one of the main results
of this work, that we observe nonreciprocity for the integrated
charge current, not just the scattering matrix. At high positive
voltage, current flows from the left to the right lead. However,
there is no net current from the right metal to the left one when
we reverse the voltage bias J.(—V) # Jr(V).

In Fig. 5(b), we further consider the off-resonant charge
transport case. In this regime, the second term on the right-
hand side (RHS) of Eq. (28) becomes negligible compared
to the first term, hence Ji and J; become symmetric under the
transformation L < R, thereby indicating that there is no non-
reciprocal behavior between the two primary dots: Injected
electrons from both sides are all absorbed by the auxiliary dot
towards its reservoirs. Those features are clearly visible from
Fig. 5(b): Both J;, and J are positive in the whole voltage bias
regime and become almost symmetric about V = 0.

Clearly, the directionality condition is the basis for non-
reciprocal interactions. To highlight that the impedance
matching condition Eq. (17) is also crucial in nonreciprocal
interaction engineering, we show resonant charge current re-
sults without imposing the condition (17) in Fig. 6, based on
the following general expressions [cf. Eqs. (B3) and (B12) in

Appendix BJ:
_ de 4a . |
= / E 214+ a)? + (5 —€)? [nF(é) - nF(G)],
[ de ArA2 ke . i
= f 27 T F ) + (e —ep ['F(©) ()]

/ de 16Ia?
) on [r2(1+a)2+(ed—e)2]2[

np(€) — i (e)).
(29)

Here we introduced the dimensionless ratio a = A%/(xT").
Compared to Egs. (27) and (28), we note that the transmission
functions are modified when o # 1, but that the overall trans-
port trends are the same. Hence, we still have a nonreciprocal
behavior as can be seen from this figure, but the contrast
between the forward and reverse bias regimes becomes less
and less significant as « increases. Particularly, for « = 8 and
in the forward regime Jg becomes negative only at high bias,
and with a small magnitude. This indicates that one needs
relatively large voltage values to efficiently pump electron
from the left to the right lead against reflection at the primary
dot 1.

In the coherent limit, the charge current obtained from the
GIOM is equivalent to that of the Landauer-Biittiker (LB)
theory [22]. Therefore, we can also directly adopt the mul-
titerminal LB expression [33,34] for the charge current

Iy = Zf g—;[m(e,@nz(e)—%/v(e,wn;(e)], (30)
v'#v
where the transmission functions Tow (€, ) =
Tr[T,G (e, )Ty G (e, ¢p)] with T, the dot-lead cou-
pling matrix, [G'(e,¢)]"' =€l —Hn(p)+i> T, =
[G**(e, §)]", here Hoon(¢) is the matrix form for Heon ()
with a loop phase ¢. I is the identity matrix. As we point
out next, while the LB expression for the current allows us
to infer the directionality condition, it does not address the
impedance matching condition, which requires us to look at
the scattering matrix itself.
For the three-dot system, we have I'y = diag(T",0,0),
I'r = diag(0, ", 0) and T, = diag(0, 0, «) and

€ lgle”  a
|gle™ €4 B (31
A A 0

Hcoh(¢) =

A direct calculation leads to

I2||gle ( + i) + 222
Tir(e, @) = Tri(e, —¢p) = ||gle'® (e + ix) | ’

D(e)
_ _ kT2 2leq — |gle® — e — iT'|?
Tra(e, @) = Tar(e, —¢) = D ’
Talle, — |olei® — T2
Trale, @) = Tor(e, —¢) = |€d gle € +ilP
(€)

(32)
here  D(e) = [2A%(eq + iT" — Re[g] — €) + (€ — ik)((€q +

2
il —e)> —|g|*)| . Interestingly, one can infer the
directionality condition Eq. (14) by letting T;g(¢) =0 in
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the large damping limit of « >> €. However, the impedance
matching condition requires studying the other elements of
the scattering matrix. As a comparison, we should point
out that it is impossible to engineer a directionality in
a two-dot system from the LB expression as we always
have Tir(e) = Tre(€) = (*|g*)/[I(es — € +iT)* — |1,
thereby highlighting the important role of a damped auxiliary
dot in engineering nonreciprocal interactions.

Complementing the results of Figs. 5 and 6, in Fig. 7 we
present the charge current when e/® = —1, which leads to
g = g* and thus to reciprocal tunneling in Eq. (13). Calcu-
lations are done with the LB expression [cf. Eq. (30) together
with Eq. (32)]. It is evident that the nonreciprocal behavior
is absent, with J.(V) = Jg(—V), as compared to Fig. 5(a).
Interestingly, we note that the charge currents in the present
case, without directionality condition, are about one order of
magnitude smaller than currents in the optimal configuration
shown in Fig. 5(a). This is because the latter is built upon a
single dot transmission function, 472 /[4T"2 + (¢4 — €)?], and
its square according to Egs. (27) and (28). Hence the nonrecip-
rocal interaction engineering not only induce unidirectional
transport, but also enhances the magnitudes of charge
currents.

B. Four-dot system

We now turn to demonstrate that the charge current in
a nonequilibrium four-dot system also demonstrates nonre-
ciprocity. For simplicity, we take Ay = A = A,8; = —8, =6
in the following. Steady-state charge currents for the four-dot
system can be obtained in a similar manner as in the three-dot
case (details can be found in Appendix C)

de 21?2 L "
JL:/ Em[nF(E)—nF(E)]

de 2r?
" / Zm[nﬁ(e) — ni(e)], 33)

de 212 % .
= [ S el i)
de 21?
e e GG

[nF(e) — n ()]

52 / de ar4
K24 8% ] 27 [4T% 4 (4 — €)1

52 de 41“4 . .,

K2 4+82 ) 27 [AT2 4 (eq — € [ (€) — n(€)]
4F3(SK / de €1 — €

k24682 ) 27 [4T2 + (e — €)?)?

[ (e) — ni(e)].
(34)

Note that if we take § = 0, J;, and Jg become symmetric with
L < R, implying the absence of nonreciprocal interactions as
we pointed out in Sec. III B.

The behavior of the charge currents based on Egs. (33) and
(34) is shown in Fig. 8. In the calculations, we consider the
parameter regime of w,, wg < min(uy, Ug), which ensures
that electrons from the auxiliary reservoir do not enter the sys-
tem. Therefore, J; is always positive (current flows outside the

0.15

0.1
0.05

J,/T
o

-0.05

-0.1

-0.15 * : :
-20 -10 0 10 20

FIG. 7. Charge currents with reciprocal tunneling elements in a
three-dot system. The currents, out of left lead (J., solid line) and
right lead (Jg, dashed-dotted line) are plotted as a function of the
voltage bias V, and obtained from the Landauer-Biittiker formula.
Wesete,/I" =1, |g|/T = 1 with a fixed loop phase ¢ = 7, 1/I" =1,
and « /T" = 100. Other parameters are the same with Fig. 5.

lead) irrespective of the direction of voltage bias between the
two primary dots. On the contrary, Jz can become negative.

It is evident that qualitative features of Fig. 8 are similar
to those of Fig. 5 for the three-dot system: In the resonant
transport regime as shown in Fig. 8(a), electrons leaving the
right lead are routed into the auxiliary dots, and electrons do

-0.2 | | | | |

0.15

0.12f%

0.09

/T

= 0.06

0.03

FIG. 8. Charge currents out of left lead (J;, solid line) and right
lead (Jg, dashed-dotted line) as a function of voltage bias V for
(a) resonant transport with €,/I" = 1 and (b) off-resonant transport
with €;,/I" = 20. Left and right insets in (a) show ideal charge
transfer pathways (as indicated by green arrows) in the large re-
verse and forward bias regime, respectively. We set u, = V/2, ug =
—V/2, /)T = ua/T = =60, €,/T =1, §/T = 30, «/T = 30, and
T/T =1.
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VT

FIG. 9. Charge currents with reciprocal tunneling elements in a
four-dot system. We show the currents out of left lead (J, solid line)
and right lead (Jg, dashed-dotted line) as a function of voltage bias
V as obtained from the Landauer-Biittiker formula. We set ¢ = 7,
€4/T =1, and 1/T" = 2. Other parameters are the same with Fig. 8.

not flow into the left lead in the reverse bias regime with
Ui < ug. While in the case of forward (positive) bias, the
charge current out of the left lead can flow into the right
electrode. However, due to the presence of two auxiliary dots,
only a small fraction of the electrons can be transmitted into
the right lead, which is in accordance with the fact that Sy,
cannot reach the maximum value 1 in this setup. In the off-
resonant transport regime, depicted in Fig. 8(b), nonreciprocal
transport is largely suppressed as the negative contributions
on the RHS of Eq. (34) become negligible and the first two
terms on the RHS prevail. This makes J; g almost symmetric,
JL(=V) = Jr(V).

For comparison, we study the charge current with real-
valued tunneling elements based on Eq. (30). For the
sake of simplicity, the transmission functions are given in
Appendix D. Results for J; and Jg are shown in Fig. 9,
illustrating reciprocity.

Similar to the three-dot system, charge currents in the re-
ciprocal setup are one order of magnitude smaller than those
in optimal nonreciprocal configuration shown in Fig. 8(a). The
disparity results from the fact that the nonreciprocal current
[cf. Egs. (33) and (34)] involves the single dot transmission
function 2I‘2/ [4T2 + (¢4 — €)?] and its square, which are
more efficient in charge transport than the full transmission
function for the four-dot system, see Appendix D. Hence, we
further confirm that nonreciprocal interaction engineering not
only induces unidirectional transport, but also enhances the
magnitude of charge currents.

V. ELECTRON-PHONON COUPLING
AND NONRECIPROCITY

So far we only considered engineering nonreciprocal in-
teraction in noninteracting electron systems. For the purpose
of applications, it is crucial to investigate whether the so-
obtained nonreciprocal behavior persists in the presence of
many-body interactions such as electron-phonon couplings
arising due to the coupling of charge carriers to phonon modes
of the solid-state host material [35-37]. To this end, we take
the three-dot system as an example. The coherent Hamiltonian
in Eq. (10) is extended to comprise collections of phonons

with electron-phonon couplings

Hy = Heon
+ Z Z[wn.kb:g’kbn,k + yn,kwn,k(b;,k + bn,k)d;dn]
n=1,2 k

+ Z[wa,kb;kba,k + ya,kwa,k(b;k + ba,k)aTal (35)
k

Recall that n = 1, 2 counts primary dots and that the index
a corresponds to the auxiliary dot. We assume that all dots
are coupled to their local phonon environment. Here local
phonons with frequencies {w;«} (I = 1,2, a) are described
by bosonic annihilation operators {b; ; }; electron-phonon cou-
plings are measured by dimensionless coupling strengths,
{v1.4}. The influence of each phonon bath, acting on elec-
trons, is characterized by the spectral density function /;(w) =
Yk V@i 8 (@ — ay ). For simplicity, we assume that the
three dots have the same phonon spectral density, that is,
I(w) = I;(w). Without loss of generality, we adopt an Ohmic
spectrum I (w) = mvwe™*/*c with v a dimensionless electron-
phonon coupling strength and w, the cutoff frequency of the
phonon bath.

To handle potentially strong electron-phonon couplings,
we perform the small polaron transformation with the unitary

operator G = [[,_, , fo”fd"Dg%“ and displacement operators
(=120 '

Dy =exp [Z vik(b)  — bz,k>} : (36)
k
The transformed Hamiltonian then reads
Hy = GHyG'
=¢é Y did,— Ad'a+ [gdidy+ 2" (dy + dy) + Heel]
n=1,2
+ D Db b (37)
I=12.a k

As can be seen, the transformation amounts to the renor-
malization of on-site energies, €; — €; = €4 — A with A =
f d(u%, and to the dressing of tunneling elements. In the
above expressions, we introduced the polaron operators as

d, = Did,, a = Dla. (38)

In the polaron frame, the input-output relation, Eq. (5) is
modified as follows [22]:

Fou(t) = Fin(t) — i\/gK -0@). (39)

Recall that Fg=(dig,drp,ap)’ (B=in, our), O=
(dy,d», 3)", and that K = diag(T", T, «).

To obtain HLEs for system operators in the polaron frame,
we replace the coherent Hamiltonian in Eq. (6) by Hy, and the
electronic operators in Eq. (7) by their polaron counterparts

[see Eq. (38)]. This derivation was described in detail in

125416-10



DISSIPATION ENGINEERING OF NONRECIPROCAL ...

PHYSICAL REVIEW B 102, 125416 (2020)

Ref. [22], yielding

di = —(i&q + T)dy — igDyDidy — iv2nDyd, jn — iMDiDla,

dy = —(i&+ Ddy— ig"DyDid) — i 2 Dydy i — iMDyDla,
a=(iA — K)a — iv2n Dyain — iM(DyDid + D, D}dy).

(40)
In the large damping limit, we adiabatically solve the last HLE
V2 A + .
a ~ —i~""Dyay, — i=(D,Didy + D,Didy),  (41)
K

where we approximated ¥ — iA =~ k since k¥ >3>> A. Inserting
it into the HLEs for d, d,, we find

. » A2 A ¥
dy = — zed+F+7 dy — ?4"8 DiD,d>
A

— i/ 27'[D1d17in — = 27'[,l)1aina
K
. - A2 A X +
d) = — zed+F+? dy — ?‘1‘18 D,D,d,

A
— i/ 27'['D2dzqin — — 27‘[7)2(11“. (42)
K

As can be seen, one can obtain perfect directionality by setting
)\'2
— +ig=0, (43)
K
which is precisely the directionality condition identified for
a noninteracting three-dot system [cf. Eq. (14)]. Hence,
nonreciprocity can be achieved in the presence of local
electron-phonon couplings, and the directionality condition is
identical with and without this interaction.

Next, we turn to the scattering matrix in the presence of

electron-phonon couplings and study whether the impedance
matching condition, Eq. (17), holds. As the drift matrix and
the coefficient matrix in Eq. (8) become time-dependent,
the previous definition for the scattering matrix is no longer
applicable.
_ However, we now show that diagonal reflection elements
S11(w) and 8y (w) can still be identified, allowing to enforce
an impedance matching condition. As a comment, we note
that phonon-scattering effects influence transport from dot 1
to dot 2, thus we cannot identify a single-frequency transmis-
sion element Sy (w).

In parallel to polaron operators defined in Eq. (38), we in-
troduce the polaron-dressed input/output fields (8 € in, out)

Fg = (Didy g, Dads g, Duag)" 44)
and rewrite the input-output relation Eq. (39) as
. . ]2
Fo. = Fy, — i,/ —K-O. (45)
b4

We are thus studying the scattering of polarons (phonon-
dressed electrons) in the setup.

We can now proceed precisely as we did through Eqs. (8)
and (9). We formally write down Eq. (40) as follows:

0t)=M@)-0@t)+C - Fiy(t), (46)

where the matrix M generally depends on the bosonic-bath
operators. However, the equation of motion for d;, Eq. (42),
does not depend on d, after the directionality condition (43),
thus M; , = 0. In the frequency domain (with “F” as Fourier’s
transform) we write

- A%\ 5
K

— imdxlqin(a)) — %\/E}—[Dlainl 47

Recall that in our notation, O corresponds to a polaron-dressed
operator. A tilde symbol, O indicates the Fourier’s transform
to the frequency domain. Together with Eq. (45), which con-
nects the input and output fields on site “1,” we identify the
reflection element d oy () = Sy1(w)d; in() as
i(ég —w)+ A2k =T

i€ —w)+ A2/ +T°
Next, shifting attention to the EOM for d;, we note that A;Iz, 1
depends on bosonic operators (thus on time), leading to a
convolution in the frequency domain, corresponding to the
phonon scattering processes. In Fourier’s space we write

2 <
—ia)d~2(w) = —(ie“d + I+ %)c@(a)) — i\/ﬁa?z,m(w)

Si1(w) = (48)

X 222 +
— ;\/ 27'[]:[D2ain] — T.F[Dledl]a (49)

without explicitly writing down the last two terms. How-
ever, due to the directionality condition the last term does
not depend on the input field d,;,. Thus, together with
Eq. (45), one can readily extract S>,(w), and further find that
Sn(w) = 811 (w).

Equation (48) takes the same form as Eq. (16), except
that the electronic energy is renormalized by electron-phonon
couplings, that is, ¢; — Vé;. Hence,vwe recover the impedance
condition Eq. (17) with §1,(&;) = §»(¢;) = 0.

Altogether, while the transport towards electrode “2” in-
volves phonon scatterings, importantly, diagonal elements of
the scattering matrix do not depend on bosonic operators, and
hence are time-independent. We found that both directionality
and impedance matching conditions [cf. Eqs. (14) and (17)]
identified in the noninteracting electron scenario survived in
the presence of local electron-phonon couplings. This non-
trivial observation is another central result of our work.

Although with local electron-phonon couplings we re-
trieved the same optimal conditions for nonreciprocal in-
teractions as in the noninteracting case, electron-phonon
interactions surely affect transport of electrons (noting the
off-diagonal elements of S involve convolutions between dis-
placement operators and electronic ones) and consequently
the charge current, which is given by (details can be found
in Appendix E),

d
J = 2r/ ig(e)[ng(e)—ng(e)],
se=2r [ 2Egemk A
R = /E (6)[nF(€)—nF(€)]

d
—4r? / i[g<€>]2[né<e> —np(©]. (50
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Here we introduced a  generalized transmission
function G(e) =Re [, dre~CIHi&=ior p(g)] with
B(r) the phonon correlation function B(r)=

exp[— [ dwfr(—gz)(coth(wﬂT)(l —coswt) +isinwr)].
As can be seen, Eqs. (27) and (28) are recovered in the
noninteracting limit where B(t) = 1.

To get this charge current expression, we decoupled the
electron and phonon correlations, a common approximation
in the polaron frame [22,38-40],

(d} (DD} (D1 (1)d1 in(1))

1,in
~ (d] ()1 () (D] (D1 (1) (51)

This decoupling amounts to the neglect of back-actions from
the electrons onto the displaced harmonic oscillators. To ac-
cess the regime of validity of this approximation, we turn
to the HLE for the bosonic operator b;; in the polaron
frame, b1y = —iwy bk — i(i0d] + 2md] DIbri. di]_ —

ilb1 4, d{1_(—iTdy + +/27dy i), which can be simplified into

biy = —iw1 by g+ vix T, (52)

where we utilized the relations [bjy, DI]_ = _Vl,kDI»
[b1.x, Di1]1_ = y14D; and the charge current operator, repre-
senting current out of the left lead J, = 2\/ﬂlm[cilT dyin] —
2Fd1T d;. The expression for the phonon correlation function
B(t) is obtained by neglecting the last term on the right-
hand-side of Eq. (52), which represents the back-actions
from electrons. Since the charge current J;, = (J.) o« I' and
Dk yﬁ ¢ ~ v, we conclude that the approximation Eq. (51) can
be justified when the condition I'\/v < . is fulfilled, with v
the dimensionless electron-phonon coupling strength and w,
the cutoff frequency of the phonon modes.

In Fig. 10, we show results for J; p with varying the di-
mensionless electron-phonon coupling strength v. Compared
to Fig. 5(a), we see that the presence of electron-phonon
coupling suppresses the nonreciprocal behavior in electron
transport: The magnitudes of J; and Jg depict a monotonic de-
creasing trend as a function of v in the whole voltage regime,
in accordance with previous findings [22]. Particularly, the
contrast between Ji,(—V') and Jg(V) reduces with increasing
V.

VI. CONCLUSION
A. Discussions

Before concluding, it is useful to discuss the experimental
feasibility of the proposed theoretical setup. We note that the
implementation of our proposal requires the ability to tune a
loop phase in a fully controllable manner. To this end, one can
harness existing experimental advances for the quantum dot
Aharonov-Bohm interferometer (see Ref. [30] and references
therein). We also note that a triple quantum dot system has
been fabricated recently to study effects of electron-photon
couplings [41]. Hence our theoretical predictions can be veri-
fied by state-of-the-art experiments.

Recently, it has been demonstrated that nonreciprocal
couplings can be harnessed to generate persistent photonic
and phononic currents in ring-shaped systems at equilibrium

—vrv=0.1
—rv =02

05k —v =04
v=20.28

Jr/T

FIG. 10. Charge current in the three-dot system as a function
of voltage V, while increasing (top to bottom) the dimensionless
electron-phonon coupling strength v for (a) J, and (b) Jg. The
directionality condition and the impedance matching condition are
fulfilled. We set w./I" = 10 and &;/I" = 1, other parameters are the
same as in Fig. 5(a).

[42,43]. Since our setup—based on a solid-state quantum
dot systems—bears resemblance to the model of Ref. [42],
we expect that our electronic system could similarly support
a persistent electronic current at equilibrium. However, to
observe such a novel phenomenon, we should scale up the
model, as so far we were just concerned with engineering
nonreciprocal couplings between two neighboring primary
dots.

B. Summary

In this work, we developed an input-output scheme, which
allows for exploring nonreciprocal interactions in electronic,
quantum dot systems based on their quantum optomechan-
ical analogs. In particular, Heisenberg-Langevin equations
for electronic operators provide a natural definition for the
scattering matrix, relating input and output fields from the
metallic leads. With this theoretical advance, we constructed
nonreciprocity through dissipation-engineering by utilizing
auxiliary damped dots and identifying optimal conditions for
nonreciprocal interaction in a straightforward manner.

For illustrations, we considered minimal multiterminal
quantum dot models, which can serve as building blocks
for larger networks. In the noninteracting electron scenario,

125416-12



DISSIPATION ENGINEERING OF NONRECIPROCAL ...

PHYSICAL REVIEW B 102, 125416 (2020)

we identified directionality condition as well as the so-called
impedance matching condition under which optimal nonre-
ciprocal behaviors emerged. We further showed unidirectional
charge transport in the optimal regime for nonequilibrium
settings, hence one can build quantum diodes by utiliz-
ing nonreciprocal interactions. We also demonstrated that
electron-phonon couplings preserve optimal conditions.

In summary, the main contributions of this work for non-
reciprocal electronic devices are as follows. (i) The GIOM
formalism can be conveniently adopted to identify conditions
for nonreciprocity at the level of the scattering matrix. (ii)
The electrical current, which infegrates electrons in the bias
window, maintains signatures of nonreciprocity in the reso-
nant tunneling regime. (ii) Local electron-phonon couplings
preserve nonreciprocal conditions, but overall currents are
gradually suppressed at strong electron-phonon coupling.

We note that the intrinsic dissipation of auxiliary dots,
which takes electron out of the system regardless of the
transmission direction, is an essential ingredient for the non-
reciprocal behavior reported here. However, it also reduces
transmission efficiency between primary dots as can be seen
from the comparison between the four-dot system and the
three-dot counterpart, thereby making use of the proposed
dissipation engineering in large quantum dot networks ineffi-
cient. Further improvements are required, and we leave them
to future works.

ACKNOWLEDGMENTS

The authors acknowledge support from the Natural Sci-
ences and Engineering Research Council (NSERC) of Canada
Discovery Grant and the Canada Research Chairs Program.
We also thank the anonymous referees for constructive sug-
gestions and insightful comments.

APPENDIX A: STATISTICS FOR INPUT FIELDS

As the input fields depend only on initial conditions, see
Eq. (3), we easily identify the following anticommutation
relations:

d . ,

(oin(0), 1)) = 80T / S (Al
ooy de _ica—r)

{an.in(t)v an/,in(t )} = 8wk ﬁe ) (Alb)

and the following correlation functions for input fields:

de . ,
. T ’ _ —ie(t—t") v
i in )] (1)) = ST / Je Ol o]

! de —ie(t—t") v
(] (i) = ST / L e e,

de _; , ,
(@ in()a)y (1)) = Sk / — e T = nj(e)],

2m?

. de o o
(@, 10 ) i (1)) = Sy / L€ priett nk(e). (A2)

272

Here, v = L(R) when n = 1(2) for the two primary dots,
v’ = a for the three-dot system and v’ = u, d for the four-dot
system, nj.(€) = {exp[(e — uy)/T]+ 1}~ is the Fermi-Dirac
distribution with temperature 7" and chemical potential 1.

APPENDIX B: EVALUATING CHARGE CURRENTS
FOR THE THREE-DOT SYSTEM

To get the steady-state charge currents, we solve Eq. (13)
under the directionality condition, Eq. (14) with the following
stationary solutions for d ; in the limit of 7 — —oc:

t ) A ! .
di(t) = —iN27 / e (TH2/etient=ng, \ (1)dr — ~V2n / e~ T2 /etient=Dg. (1),
—0Q —0Q

t ) A ! .
do(t) = —iv27 / e~ (THR fetient=D)g, o ()dT — ;Jzn f e~ (TH¥ fetiecnt=g. (1)t
—0oQ —0Q

)\2 t
_2x

K J-

2 .
e—(r"!‘)» /K+lsd)(t—‘r)dl (T)df.

B

We first focus on J;, as d; does not depend on d,. Utilizing the correlation functions for the input fields listed in Appendix A,
the involved ensemble averages in J;. [see the definition in Eq. (26)] can be evaluated as

L
(ddym) = V2T / de nk(€)

272 T + A2/ — ieq + i€’

Inserting them into the definition of J;, we find

ATA2

e [
T 20 (C+ 2276007 + (eq — €)?

Equation (27) of the main text is recovered by imposing the impedance matching condition I' = A2/«

For Jg, we first have

(d}dys) = iv/2rT

272 + A2/ — ieq + i€

P de Tnk(e) + (A2 /i) (€)
(ddy) —2/ 27 T+ )R F P (B2)
[nk(e) — np(e)]. (B3)
R
ng(€) (B4)
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For the average occupation number, we find

(didy) =27 /

—00

t
ef(FwL)Lz/Kfied)(tfr)dt / 7(F+A2/K+zed)(t T )(d2| m(t)dz,in(f,»df
—00
2

A ! . ! . N
_,_;27.[/ e—(l“+x2/;<_ze,1)(z—r)dl./ e_(rﬂz/’(‘“@’)(t_’)(aﬂl(r)ain(‘c/))dt/
—0o0 —o0

)\,2 2 t . t . , 3
+4(_> / e—(F-HZ/K—tsd)(t—r)dT / e—(F+k2/K+zed)(z—r )<d1k(l')d1(l'/)>d‘[
K —00 —00

2)\3 , -
\/_/ —(l“+)»2/l( ieq)(t— T)d‘l,' / e—(I‘+A2/K+zed)(t—r )(ailn(l,)dl (‘L'/))dl'/

[e.e]

2)»% . N
F/ —(F+A2/K ieq)(t— t)dt / e—(I‘+A2/K+zed)(t—r )(d; ('L')Clin(‘l,'/»df/.

o]

The first two terms on the RHS of Eq. (B5) can be simplified as

2] de TnR(€) + (A2 /i) (e)
21 (D + A2/K)2 + (g — €)?

For the third term on the RHS, we find

8();2)2/ de  Tnk(e) + (32 /i)ni(e)
K 27 [(T 4+ A2/k)? + (€4 — €)*]?
by noting

(dl@di () = 2 f de e [Tnk () + (2 (e)]
! 21 (D4 A2/ 4 (g — et F el

The last two terms on the RHS give

(A2>2( x2)/ de )
(=) (r+=) [ =
K K 27 [(T + A2/k)? + (€4 — €)?]?

—ie(t'—1)

as

<am(f)d1(‘[ ) —)\,\/_[ nF( )F—{—)\;/K“‘led —i€’

—ie(t'—1)

(d (T)am(f) _)‘-“/_/ nF( )F+)\,§/K—l€d+lf

Putting those terms together we get

didy) / de 2[(I' 4+ A% /k)? + (€4 — €)*1[Tnf(€) + (A2 /i)nip(e)] + 8(A* /i )*T [nk(€) — n(e)]
202) = Py .

2m (T +22/6) + (eq — € PP
Inserting Egs. (B4) and (B11) into the definition of Jg, we find the following expression:
[ de 16I2(A% /K )? % . de AT )2 /k[(T — 22 /k)? + (ea — €)1 &
= / T F R + e — R O O | T e @ —ere
[ de 4ra2/x R " de 162 (A% /i )? I n
- / 2 T2+ (e —ep O~ O] / 20 [T+ 22/ + (eq — 1O ]

After the impedance matching condition, I' = A% /k, we recover Eq. (28) in the main text.

APPENDIX C: EVALUATING CHARGE CURRENTS FOR THE FOUR-DOT SYSTEM

(B5)

(B6)

(B7)

(B8)

(B9)

(B10)

B11)

— ()]

(B12)

Under the directionality condition, Eq. (14), and the impedance matching condition (17), we solve Eq. (21) in the steady-state

limit,

t )\ t .
di(t) = —iv27 / 5 NGx / e” GIHiect=0) g, (T)dr,
—0oQ

\/_/ —(2F+l€d)(t r)az (‘L')df

K—l
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t . (S
dr(t) = —iv27t/ e~ CTHiec)t=0) g, (t)dt — ( n (gl)z)\/ / e CIHet=")g, « ()dT
—00
e~ @l +iea) - r)az m(D)dT — 21‘*% ' _(2r+i€d)(l_f)d1(f)dt. (C)

We first focus on J, as d; does not depend on dp. By noting the correlation functions for the input fields listed in
Appendix A, the involved ensemble averages in J;, [see the definition in Eq. (26)] can be evaluated as

(didy ) = V27T de  nmp(e) didy) =2 de Tnk(e) + (A 2k /(k? +82))[np(e)+nF(e)]'

, C2
272 2T — ey + i€ 2 472 + (¢4 — €)? €2

Inserting them into the definition of J; we recover Eq. (33) in the main text by noting I' = 242k /(k? + 82).
For Jg, we first have

nf(e)
djdyin) = V2T A AL — C3
(dydai ! 27t2 2" —iey + i€ €3

For the average occupation number, we find

t t
(didy) =27 / e Cr-ic)t=1) g p / e A= gl (D)dyin(T'))dT

)\’2 t ) t

" 2 o~ QU—ica)t=1) g1 / o~ (i)t —1") a T

o [ N (a] (D1 (TN T
22 d . ! . N

+ pr 22].[/ e*(zrﬂea)(tfr)d.,’./ e*(2r+l€d)(fff)<a£ in(f)aZ,in(T/))dt
+ 8 —00 —0oQ '

82 t Cor_i 3 t B ; L . ,
+4r? peRys [ e Griet=n gy / @Il (1)d, (x'))dt

e CIHt=0 gt (1)) (¢))d T’

—00

(21")»;5)2\/—/ ~Q@U—ie))t=7) g1
K—1

o0
PAWNT) ! . ,
= i 2\/—/‘ o~ (2T i)t~ f)dr/ e CrHD T (1)ay 1 (2T
K+ i8) 00

t
o~ @I +ie)t—1") (a;m(r )di(t"))dt

—00

(2{?1;)2\/—] o~ QT—ie))t=1) g
K+

Ui | , -
(K — lla)z v f *(zrﬂfd)(tfwdf/ e” A= (g (T)ay 1n ('))d T (C4)

The first three terms on the RHS of Eq. (C4) can be simplified as
) / de Tnf(€) + 02k /(6 + 82)[n(€) + )]
2 4T2 + (¢4 — €)?
For the fourth term on the RHS of Eq. (C4), we find

52 de Tnk(€) + [A%k /(% + 8M)][nk(€) + nf(e)]
k2+82 ) 21 [4T2 + (e; — €22

—0Q

(€5)

8I? (C6)

by noting

, de efze(r T) .
(df(v)di(r")) = 2/ Zm{rnfp(ew[/\ZK/(KZ+32)][nF(e)+nfé(e)]}. (C7)

The last four terms on the RHS of Eq. (C4) give

8'A2k4 /' de k(g — 6)[”,"7(6) - ”%(6)] - 21—‘5[”;(6) + ng(e)]
(C8)
k2+682)?2 ) 2nm

[4T2 + (eg — € 22
by using the following correlation functions:

—ze(t —7)
i di (1’ et
(a) ()i (7)) = _’_15 / Sng (e )2F+led—le
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i e*is(l’/ft)
d in A -, .
(d{(D)ar (") = np( )21" P
—ie(t'—1)
d —7
(@) ()1 () = np( )2F+i€d_i€
¥ —zs(r —7)
d (T’ — (&)
(d{ (T)azin(T)) = +18 / Sni(e )ZF P (€9

Inserting (d2T dpin) and (c12T d,) into the definition, we recover Eq. (34) in the main text under the impedance matching condition
[ =2)%k/(k* + §2).

APPENDIX D: TRANSMISSION FUNCTIONS FOR THE FOUR-DOT SYSTEM

We organize the primary and auxiliary dots in the following order: (1,2, u,d). The dot-lead coupling matrices read
I';, = diag(T, 0, 0, 0), I'x = diag(0, T, 0, 0), I', = diag(0, 0, «, 0), and T; = diag(0, 0, 0, «). The matrix form for the coherent
Hamiltonian takes the following form:

€4 0 A A
1o €4 A€ A
Hcoh(¢) - A Le i § 0 (D])
by A 0 =$
A direct calculation leads to
2% (e + 1) (e + ik) + (e7 — 1)8]?
Tir(€, @) = Tr(¢, =9) = (€ — g — iT)2[(€ — ik )2 — 82] — 4A2(e — €q — iT)(€ — ik) — 2A*(cos ¢ — D)2
TkA2|A2(e™® — 1)+ (e + 8 — ik)(e — €q — iD)|?
Tuu(€, 9) = Tur(e, =9) = |(e — €q — iD)2[(€ — ik)? — 82] — 4A2(€ — €4 — iD)(€ — ik) — 2A*(cos ¢ — 1)|2°
T2\ (e™ — 1) + (€ — 8 + ix)(e — €q + i)
Tia(e, ¢) =Tarle, =) = l(e — g — iD)2[(€ — ik )? — 82] — 422(€ — €4 — iT)(€ — i) — 224 (cos ¢ — 1)|?’
TiA2|A2(1 — e @)+ e (e + 8 — ik)(e —eq — iD)|?
Trul€: 8) = Turle, ~4) = (€ — €q — iT)2[(e — ik)? — §2] — 4A2(e — €4 — iT)(€ — ix) — 2A%(cos p — 1)|?’
Cer?[A2(e™® — 1) + (e — 8 — ix)(e — €4 — iD)|?
6) = —¢) = . (D2
Tra(€, ¢) = Tar(e, =) (€ — eg — iT)2[(€ — ik )? — 82] — 422(c — €4 — iD)(€ — ix) — 224 (cos  — 1)[2 D2)
APPENDIX E: EVALUATING CHARGE CURRENTS FOR THE THREE-DOT SYSTEM IN THE PRESENCE
OF ELECTRON-PHONON COUPLINGS
In the polaron frame, the charge current definitions are modified as [22]
= 2(V2rIm(d]dy n) — T(d]d1)), Jr =2(V2nIm(d]dy ;) — T(didy)). (E1)

To get the steady-state charge currents, we solve Eq. (42) under the directionality condition (14) and the impedance matching
condition (17) in the limit of ) — —o0:

t -~ )\’ t =

di(t) = —iN27 / e~ DD (1)d) 1n()dT — =27 f e~ DD () ()d T,
S K o
4 . A 4 .

d (1) = —iN27m / e~ ATHED=D) (0)dy 1 (T)dT — =27 f e~ ATHED =D, (£)ain (7)dT
—o0 K —00

t
—2r / e”CAIHENt=p,) (YD (v)d; (1)d . (E2)

Similar to Appendix B, we first evaluate the ensemble averages involved in J,

(did) ) = iv2m / dre”Cr=#0t=) gt (2YDI(T)D; (t)d) in(t))

L,in

~ iv2nT / ”5(62) " CrGHOTB () d . (E3)
0

125416-16



DISSIPATION ENGINEERING OF NONRECIPROCAL ...

PHYSICAL REVIEW B 102, 125416 (2020)

In the second line, we decoupled tje electron and phonon correlations, a standard approximation in the polaron frame

[22,38-40],

(d] (DD} (T)Dy (t)dy (1)) ~ (d

L (O in () (D] (1)Dy (1)), (E4)

Here, we introduced the phonon correlation function B(t — ) = (D'(t)D(z)); note that we neglect the dot subscript since, for
the sake of simplicity, the phonon environments are assumed to have identical spectral density functions. By assuming an initial
thermal equilibrium state for the phonon environments in the polaron frame, we recover the standard form

B(t) = exp |:—f da)%(coth(wﬂT)(l —cosa)t)+isinwr)i|. (ES)

Similarly, we find

L A t t
(didy) =2r / de—nF(e); rie(€) f dt / dr'e' T e MR — 1)
T —00 —00

_ 41"/ de”?(é) +n/2(6)Re|:/t de /r 7€ —E)T—T) =2 p o r/):|
—00 —00

2
L A o0
_ / de nr (E) + nF(e)Re [/ dre(2F+i§4iE)‘L’B(l_)} . (E6)
21 0
Here “Re” refers to the real part. Inserting them into the definition of J;, we find
de > — (2T +igg—i€)T L A
Jp = 2r Z—Re dte T B(T) [np(e) — nF(e)]. (E7)
4 0

We note that Eq. (27) in the main text is recovered when B(7) = 1, namely, in the coherent limit of noninteracting electrons.
As for ensemble averages involved in Jg, we follow similar procedures and find

272

R o)
(didyim) = iV21T / e

and

R A
(@i = [ e ”F(G)Re[
2

e—(ZI‘—iE(,-&-ie)rB*(t)dr’ (E8)
0

oo
/ dfe_(2r+igt[_ié)rB(T)i|

o) 2
+2r / j—;[n;(e)—n/;(e)](Re[ / dre@”"@d“ﬁB(r)D . (E9)

Consequently, we get the following expression for Jg:

T

0

Jg=2T / j—eRe [ f ” dre(errig"iG)’B(r)} [nR(e) — np ()]
0

o) 2
—417? / ;’—6<Re|: /0 dre—@”’?d—ff”B(r)D [nf:(e) — nf ()] (E10)

T

The noninteracting expression, Eq. (28) in the main text, is recovered when B(t) = 1.
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