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Êâàíòîâîå óðàâíåíèå Ëèíäáëàäà äëÿ îïåðàòîðà ïëîòíîñòè ïðèìåíÿåòñÿ
äëÿ èçó÷åíèÿ òðàíñïîðòà ýëåêòðîíîâ ÷åðåç ìîëåêóëÿðíîå ñîåäèíåíèå,
âêëþ÷àþùåå â ñåáÿ ïåòëåâóþ êîìïîíåíòó ñ äâóìÿ ïóòÿìè äëÿ ýëåêòðîííîé
ïðîâîäèìîñòè. Ðàññìàòðèâàåòñÿ êîíöåïöèÿ êâàíòîâîé èíòåðôåðåíöèè ñ
öåëüþ ïðîâåðêè, ìîæåò ëè ýòî ÿâëåíèå âëèÿòü íà ýëåêòðè÷åñêèé òîê â
ðåæèìå ñèëüíî íåðàâíîâåñíîãî ñîñòîÿíèÿ ñèñòåìû. Ïîêàçàíî ñóùåñòâîâàíèå
äâóõ ðåæèìîâ ïðîòåêàíèÿ ýëåêòðè÷åñêîãî òîêà ñ âîçíèêíîâåíèåì è áåç
âîçíèêíîâåíèÿ êðóãîâîãî òîêà â áåíçîëüíîì êîëüöå â çàâèñèìîñòè îò
âåëè÷èíû ñâÿçè (ïàðàìåòðà ïåðåñêîêà J) ìåæäó ìîëåêóëîé è ýëåêòðîäàìè.
Ðåøåíèÿ óðàâíåíèÿ Ëèíäáëàäà íàõîäÿòñÿ ñ èñïîëüçîâàíèåì îòêðûòîãî äëÿ
ïîëüçîâàòåëåé ïðîãðàììíîãî êîäà LindbladMPO, ìîäåëèðóþùåãî ýëåìåíòû
êâàíòîâîãî àëãîðèòìà íà êëàññè÷åñêîì êîìïüþòåðå.

Lindblad master equation (LME) for the density operator is applied to examine
electron transport through a molecular junction with a ring component having two
pathways for an electron propagation. Here the concept of quantum interference
is addressed to check whether this phenomenon may in�uence the electric current
in a far-from-equilibrium regime. The existence of two modes of electric current
�ow with and without the occurrence of a circular current in the benzene ring is
shown, depending on the value of coupling (hopping parameter J) between the
molecule and electrodes. LME is solved with the use of the open-source program
code LindbladMPO that simulate elements of quantum algorithm on a classical
computer.

1

PACS: 73.63.-b, 85.65.+h, 31.10.+z2

Introduction3

Charge transport in a single molecule suggests a smallest scale for func-4

tional electronic devices. On this scale peculiar properties are seen due to5

quantum interference (QI) e�ects in molecules whose rings branches provide6

several pathways for charge transport [1]. A paradigmatic case is a benzene7

molecule connected to two metallic nano-electrodes in di�erent ways - either8

in the para (PC) or the meta (MC) con�guration, Fig. 1. A good electrical9

conductance in PC is in contrast with its low value in MC, as shown in [2],10
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(a) (b)

Fig. 1. Schematic view on electron transport through benzene molecule coupled

to metal electrodes via anchor (A) atoms in (a) para (PC) and (b) meta (MC)

con�gurations; the atomic positions in the molecular junction are indicated by

numbers.

which is in accord with the idea of a constructive and distractive interference11

of single-electron wave functions either in PC or MC, respectively.12

This observation is well established experimentally in a weak nonequilib-13

rium regime [2], when the voltage di�erence V between the left and right14

electrodes is not large, which can be described by the Landauer formula15

[1] integrating the transmission coe�cient T (E) in a narrow energy window16

EF − eV
2

< E < EF + eV
2

around the Fermi energy EF of electrodes. A dy-17

namical approach based on the equation of motion for the density operator18

ρ̂(t) describing a benzene molecule that is dissipatively coupled to electrodes19

have been also developed [3] in a weak nonequilibrium regime. The expected20

steady-state circular electrical current within the benzene ring in the meta21

con�guration was con�rmed theoretically in [3], which is thought to be a22

bright feature of a destructive QI manifestation, Fig. 1b.23

To check whether e�ects of QI can also be observed in a far-from-equilibrium24

regime of electron current in a molecular junction, in our work we also de-25

velop the dynamical approach by solving the Lindblad master equation for26

ρ̂(t). The underlying fermionic model is �rst formulated in the qubit repre-27

sentation, which facilitates using a quantum simulator - a software program28

[4] that implicates a quantum circuit, but runs on a classical computer.29

I. Model and computational method30

We focus on the time evolution of an electric current passing via the31

atomic π− orbitals of the molecular junction schematically shown in Fig. 1.32

Here, six sites, j = 1, . . . , 6, are for the benzene carbons, while j = 0 and33

j = 7 denote the orbitals of two anchor (A) atoms that are dissipatively34

coupled to electrodes, either in PC or MC.35

The e�ective tight-binding model for the eight- orbital molecular junction36

is �rst rewritten in the qubit representation by mapping the the spinless37

creation/ annihilation Fermi operators onto the Pauli ones, σα
j , (α = x, y, z),38

together with σ±
j = σx

j ± iσy
j . Then the tight-binding Hamiltonian takes the39

following form:40

H =
∑
⟨ij⟩

Jij
(
σx
i σ

x
j + σy

i σ
y
j

)
, (1)
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where the electron's hopping parameters Jij are for the bonds ⟨ij⟩ of the near-41

est neighbour atoms only. Hopping within the benzene bonds ⟨ij⟩, (i, j =42

1, . . . , 6), is taken the same, Jij = J , while for coupling between the anchor's43

and benzene's orbitals the following two parameters settings are chosen: (I)44

J01 = J67 = J and (II) J01 = J67 = J/8.45

Metallic electrodes act on the molecular system by injecting and absorb-46

ing electrons via the anchor atoms. Responsible for these processes in the47

Lindblad master equation (LME):48

∂ρ̂

∂t
= − ı

ℏ
[H, ρ̂] +D[ρ̂] (2)

the dissipative term D[ρ̂] is involved in a special form:49

D[ρ̂] = g0

(
σ−
0 ρ̂σ

+
0 − 1

2

{
σ+
0 σ

−
0 , ρ̂

})
+ g7

(
σ+
7 ρ̂σ

−
7 − 1

2

{
σ−
7 σ

+
7 , ρ̂

})
(3)

which drives the molecular current in a far-from-equilibrium regime. In par-50

ticular, this regime occurs if the bias voltage eV between electrodes is large51

compared to a characteristic energy di�erence |εm − εn| in the molecular52

orbital spectrum. The rates of electrons injection ∼ g0 into the molecule53

from the left electrode and their extraction ∼ g7 to the right electrode are54

equal, g0 = g7 = g. Formalism employed here is similar to that in Ref.[5]55

except for the inverse, but fully equivalent mapping of the creation (annihila-56

tion) spinless fermion operators into the Pauli matrix describing qubit state57

�ipping, i.e., c+j → σ−
j (c−j → σ+

j ). A correspondence between the far-from-58

equilibrium regime and a choice of Lindblad operators (3), together with the59

physical meaning of the coupling constant g, are also discussed in Ref.[5] in60

great detail. At t = 0, the initial occupancy of the valence π− orbitals is61

taken to be zero, and thus many-particle e�ects on the electron transport62

are minimized. After solving the LME, the electric bound currents j⟨i,j⟩(t)63

are found as j⟨i,j⟩(t) = JijSp
[

ˆρ(t)
(
σy
i σ

x
j − σx

i σ
y
j

)]
, with a special attention64

to the incoming j⟨0,1⟩ and outgoing j⟨6,7⟩ currents, as well as to the internal65

currents j⟨i,j⟩ along the benzene bonds. We exploited an open-source solver66

for LME based on the matrix product operators [4].67

II. Results and discussion68

The calculated time evolution of electrical current along all bonds in the69

molecular junction is shown in Fig. 2 for the I-st parameters setting and in70

Fig. 3 for the II-nd setting. Throughout the calculations, parameters J and71

g are kept �xed such that in Fig. 2 and 3.72

From Fig. 2 we deduce that for both con�gurations, PC and MC, the cal-73

culated time evolution of molecular currents is nearly the same even quan-74

titatively and any QI e�ects distinguishing the two con�gurations are not75

observed. Therefore, this behaviour can be classi�ed as a classical one. The76

argument in favor of this conclusion is as follows. Two quantities, J01/ℏ and77
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(a) (b)

Fig. 2. . Long-time evolution of electric currents j⟨i,j⟩(t) along bonds ⟨i, j⟩ including
the incoming j⟨0,1⟩, outcoming j⟨6,7⟩ current for PC (a) and MC (b); parameter

setting (I) is taken for both con�gurations. Units of time and current are taken to

be ∆t ≃ 0.33 fs and ∆j ≃ 50 µA, respectively.

J67/ℏ, meaning rates of the electron injection into and extraction out of the78

benzene molecule, should be compared to the frequency J/ℏ of interatomic79

electron hopping within the benzene molecule. For the I-st setting one has80

J01 = J67 = J , and rates of an electron exchange are as high as the frequency81

J/ℏ. This fast dynamics prevents an incoming electron from forming any82

quasi-stationary wave state corresponding to a molecular electron orbital. In83

such a incoherent state QI e�ects are excluded.84

To test this assumption, we reduce the dynamic coupling between the85

molecule and electrodes by taking the II-nd setting J01 = J67 = J/8. Now,86

after injection an incoming electron lives in the molecular junction for a87

longer time, thus enabling to form coherent extended molecular orbitals.88

Consequently, QI e�ects are expected to persist, which explains considerable89

di�erence in time evolution of currents for PC (Fig. 3a) and MC (Fig. 3b).90

We pay attention to the di�erent scales chosen for electrical currents, which91

explains the enhanced current �uctuations on the intramolecular bonds seen92

in Fig. 3a, but not in Fig. 3b.93

Complementary argument in favor of the destructive QI e�ect is the circu-94

lar current existing within the benzene's ring in the meta con�guration. Ac-95

tually, a current in the right/positive direction (the upper branch in Fig. 3b)96

�ows over the longer pathway and the opposite/negative current (the lower97

branch there) �ows over the shorter pathway of the molecule. According98

to Ref.[6], a circular electrical microcurrent within ring's substructures of99

conductive molecular junctions cannot be understood without invoking the100

concept of quantum coherence.101

III. Conclusion102

Based on the Lindblad master equation, computations of the electric103

molecular current in the far-from-equilibrium regime have shown that keep-104

ing the rates of dissipation processes (electron's injection and absorption)105

g0 = g7 =const and varying the e�ective coupling between the molecular106
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(a) (b)

Fig. 3. Long-time evolution of electric currents j⟨i,j⟩; parameter setting (II) is taken

for both con�gurations. Units of time and current are taken to be ∆t ≃ 0.33 fs

and ∆j ≃ 50 µA, respectively.

system and the reservoir (controlled by hopping rates J01 = J67) a dramatic107

change of the time evolution behavior occurs, from a classical to the one108

indicating a strong in�uence of quantum interference e�ects. In particular,109

analysis of the presented results allows us to predict for complex molecu-110

lar junctions containing ring's substructures like the benzene molecule that111

a circular electric current can be induced within the ring under a certain112

voltage regime compatible with far-from-equilibrium state of the system.113

REFERENCES114

1. Lambert C.J. Basic concepts of quantum interference and electron trans-115

port in single-molecule electronics // Chem. Soc. Rev.� 2015. � V. 44,116

no. 4. � P. 875-888.117

2. Arroyo C.R., Tarkuc S., Frisenda R. et. al. Signatures of quantum in-118

terference e�ects on charge transport through a single benzene ring //119

Angew. Chem. Int. Ed.� 2013. � V. 52, no. 11. � P. 3152�3155.120

3. Chen S., Zhang Y., Koo S., Tian H., Yam C., Chen G., Ratner M.A. In-121

terference and Molecular Transport-A Dynamical View: Time-Dependent122

Analysis of Disubstituted Benzenes // J. Phys. Chem. Lett.� 2014. � V. 5,123

no. 15. � P. 2748-52.124

4. Landa H. and Misguich G.Nonlocal correlations in noisy multiqubit sys-125

tems simulated using matrix product operators // SciPost Phys. Core�126

2023. � V. 6. � P. 037-38.127

5. Benenti, Giuliano and Casati, Giulio and Prosen, Toma�z and Rossini,128

Davide and �Znidari�c, Marko Charge and spin transport in strongly cor-129

related one-dimensional quantum systems driven far from equilibrium //130

Phys. Rev. B� 2009. � V. 80, no. 3. � P. 035110-18.131

6. Rai D. and Hod O. and Nitzan A. Circular Currents in Molecular Wires //132

J. Phys. Chem. C� 2010. � V. 114, no. 48. � P. 20583-20594.133


