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KsanToBoe ypasmenwe Jlunpbmaga mag omeparopa IJIOTHOCTA TPUMEHAETCH
UId  M3YyYEHUsT TPAHCIOOPTa 3JIEKTPOHOB dYepe3 MOJEKYJAPHOE COeInHeHNHe,
BRKJIFOUAOITEE B cebs MeT/IEBYI KOMIIOHEHTY € JABYMs TyTSMU JJIsI 3JIEKTPOHHOM
IPOBOOMMOCTH.  PaccMaTpuBaeTcss KOHIENINS KBAHTOBOH HHTEPQEPEHIINH C
LIeJIBI0 [POBEPKU, MOXKET JIA 3TO SBJIEHHE BJIMATHL HA SJIEKTPUYECKHUI TOK B
pexuMe CHJILHO HEPABHOBECHOI'O COCTOSIHHST CHCTeMBbl. lloKazaHo CyImecTBOBaHUE
JBYX PEXWMOB IPOTEKAHUST JEKTPUUIECKOTO TOKa C BO3HWKHOBEHWEM U 0e3
BO3HUKHOBEHHs] KDPYFOBOIO TOKa B OEH30JLHOM KOJbIlE B 3aBUCUMOCTH OT
BEJIMYMHBI CBSI3U (MapaMeTpa Mepeckoka J) MexkKIy MOJEKYJIoi U 3JeKTPOJIaMU.
Pemterinst ypapuerns Jluuabaamna HaxoAITCs € HCIOIL30BAHUEM OTKPBITOTO [IJId
moJtk30BaTeNel mporpamMmMuore Koma, LindbladMPO, Momesnpyrorero 3ieMeHTs
KBAHTOBOTO AJITOPATMa, HA KIACCHIECKOM KOMIILIOTEDE.

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
18 addressed to check whether this phenomenon may influence the electric current
in a far-from-equilibrium regime. The existence of two modes of electric current
flow 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.

PACS: 73.63.-b, 85.65.4+h, 31.10.4+z

Introduction

Charge transport in a single molecule suggests a smallest scale for func-
tional electronic devices. On this scale peculiar properties are seen due to
quantum interference (QI) effects in molecules whose rings branches provide
several pathways for charge transport [1]. A paradigmatic case is a benzene
molecule connected to two metallic nano-electrodes in different ways - either
in the para (PC) or the meta (MC) configuration, Fig. 1. A good electrical
conductance in PC is in contrast with its low value in MC, as shown in [2],
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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)
configurations; the atomic positions in the molecular junction are indicated by
numbers.

which is in accord with the idea of a constructive and distractive interference
of single-electron wave functions either in PC or MC, respectively.

This observation is well established experimentally in a weak nonequilib-
rium regime [2|, when the voltage difference V' between the left and right
electrodes is not large, which can be described by the Landauer formula
|1] integrating the transmission coefficient T'(E) in a narrow energy window
by — % < E < Ep+ % around the Fermi energy Er of electrodes. A dy-
namical approach based on the equation of motion for the density operator
p(t) describing a benzene molecule that is dissipatively coupled to electrodes
have been also developed [3] in a weak nonequilibrium regime. The expected
steady-state circular electrical current within the benzene ring in the meta
configuration was confirmed theoretically in [3], which is thought to be a
bright feature of a destructive QI manifestation, Fig. 1b.

To check whether effects of QI can also be observed in a far-from-equilibrium
regime of electron current in a molecular junction, in our work we also de-
velop the dynamical approach by solving the Lindblad master equation for
p(t). The underlying fermionic model is first formulated in the qubit repre-
sentation, which facilitates using a quantum simulator - a software program
|4] that implicates a quantum circuit, but runs on a classical computer.

[. Model and computational method

We focus on the time evolution of an electric current passing via the
atomic m— orbitals of the molecular junction schematically shown in Fig. 1.
Here, six sites, 7 = 1,...,6, are for the benzene carbons, while j = 0 and
j = 7 denote the orbitals of two anchor (A) atoms that are dissipatively
coupled to electrodes, either in PC or MC.

The effective tight-binding model for the eight- orbital molecular junction
is first rewritten in the qubit representation by mapping the the spinless
creation/ annihilation Fermi operators onto the Pauli ones, of, (a = ,y, 2),
together with cr;—L =o0j+ icr;J. Then the tight-binding Hamiltonian takes the
following form:

=3 1y (o707 +0%0?), 0
(i)
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where the electron’s hopping parameters J;; are for the bonds (ij) of the near-
est neighbour atoms only. Hopping within the benzene bonds (i), (i,j =
1,...,6), is taken the same, J;; = J, while for coupling between the anchor’s
and benzene’s orbitals the following two parameters settings are chosen: (I)
J(]l = J67 = J and (II) J01 = J67 = J/S

Metallic electrodes act on the molecular system by injecting and absorb-
ing electrons via the anchor atoms. Responsible for these processes in the
Lindblad master equation (LME):

o = L [H.4]+ DI )

the dissipative term D[p] is involved in a special form:
5 ¥ P S ¥ P
D[p| = go | 0¢ poy _5{‘70 ‘7070} + g7\ 07 poy _5{‘77 ‘777;0} (3)

which drives the molecular current in a far-from-equilibrium regime. In par-
ticular, this regime occurs if the bias voltage eV between electrodes is large
compared to a characteristic energy difference |e,, —€,| in the molecular
orbital spectrum. The rates of electrons injection ~ ¢y into the molecule
from the left electrode and their extraction ~ g; to the right electrode are
equal, go = g7 = ¢g. Formalism employed here is similar to that in Ref.[5]
except for the inverse, but fully equivalent mapping of the creation (annihila-
tion) spinless fermion operators into the Pauli matrix describing qubit state
flipping, i.e., ¢ — o5 (¢; = 0;). A correspondence between the far-from-
equilibrium regime and a choice of Lindblad operators (3), together with the
physical meaning of the coupling constant g, are also discussed in Ref.[5] in
great detail. At ¢ = 0, the initial occupancy of the valence w— orbitals is
taken to be zero, and thus many-particle effects on the electron transport
are minimized. After solving the LME, the electric bound currents j; jy(?)

are found as ji; ;) (t) = Ji;Sp [p(t) (ofor — Jfa?)], with a special attention
to the incoming 7,1y and outgoing j 7 currents, as well as to the internal
currents j; j, along the benzene bonds. We exploited an open-source solver

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

II. Results and discussion

The calculated time evolution of electrical current along all bonds in the
molecular junction is shown in Fig. 2 for the I-st parameters setting and in
Fig. 3 for the II-nd setting. Throughout the calculations, parameters J and
g are kept fixed such that in Fig. 2 and 3.

From Fig. 2 we deduce that for both configurations, PC and MC, the cal-
culated time evolution of molecular currents is nearly the same even quan-
titatively and any QI effects distinguishing the two configurations are not
observed. Therefore, this behaviour can be classified as a classical one. The
argument in favor of this conclusion is as follows. Two quantities, Jy;/h and
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Fig. 2. . Long-time evolution of electric currents j; ;y(t) along bonds (i, j) including
the incoming j 1y, outcoming j 7 current for PC (a) and MC (b); parameter
setting (I) is taken for both configurations. Units of time and current are taken to
be At ~ 0.33 fs and Aj ~ 50 pA, respectively.

Je7/h, meaning rates of the electron injection into and extraction out of the
benzene molecule, should be compared to the frequency J/h of interatomic
electron hopping within the benzene molecule. For the I-st setting one has
Jo1 = Jgr = J, and rates of an electron exchange are as high as the frequency
J/h. This fast dynamics prevents an incoming electron from forming any
quasi-stationary wave state corresponding to a molecular electron orbital. In
such a incoherent state QI effects are excluded.

To test this assumption, we reduce the dynamic coupling between the
molecule and electrodes by taking the II-nd setting Jo; = Jg7 = J/8. Now,
after injection an incoming electron lives in the molecular junction for a
longer time, thus enabling to form coherent extended molecular orbitals.
Consequently, QI effects are expected to persist, which explains considerable
difference in time evolution of currents for PC (Fig. 3a) and MC (Fig. 3b).
We pay attention to the different scales chosen for electrical currents, which
explains the enhanced current fluctuations on the intramolecular bonds seen
in Fig. 3a, but not in Fig. 3b.

Complementary argument in favor of the destructive QI effect is the circu-
lar current existing within the benzene’s ring in the meta configuration. Ac-
tually, a current in the right/positive direction (the upper branch in Fig. 3b)
flows over the longer pathway and the opposite/negative current (the lower
branch there) flows over the shorter pathway of the molecule. According
to Ref.[6], a circular electrical microcurrent within ring’s substructures of
conductive molecular junctions cannot be understood without invoking the
concept of quantum coherence.

III. Conclusion

Based on the Lindblad master equation, computations of the electric
molecular current in the far-from-equilibrium regime have shown that keep-
ing the rates of dissipation processes (electron’s injection and absorption)
go = g7 =const and varying the effective coupling between the molecular
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Fig. 3. Long-time evolution of electric currents j; j; parameter setting (IT) is taken

for both configurations. Units of time and current are taken to be At ~ 0.33 fs
and Aj ~ 50 pA, respectively.

system and the reservoir (controlled by hopping rates Jo; = Js7) a dramatic
change of the time evolution behavior occurs, from a classical to the one
indicating a strong influence of quantum interference effects. In particular,
analysis of the presented results allows us to predict for complex molecu-
lar junctions containing ring’s substructures like the benzene molecule that
a circular electric current can be induced within the ring under a certain
voltage regime compatible with far-from-equilibrium state of the system.
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