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This study probes the correlation between the conductance of a molecular wire (the property of a
whole system) and its constituent backbone units (modules). By using a tight-binding Hamiltonian
combined with single-particle Green’s functions, we develop an approach that enables an estimate
of a conductance decay constant in terms of the Hamiltonians of molecular backbone units and the
couplings between two nearest-neighbor units in the off-resonant tunneling regime. For demonstration,
we examine several representative molecular systems in a framework of the Hückel model (the simplest
atomistic-level model). The Hückel model can be reduced to a single-orbital-per-site formulation
[A. Nitzan, Annu. Rev. Phys. Chem. 52, 681 (2001)], and each energy level in the single-orbital-per-site
picture can be expressed in an explicit form including the synergistic effect of all molecular orbitals of
a molecular backbone unit. Based on the proposed approach, we show the correspondence between the
complete destructive quantum interference and an infinite injection gap and derive the preconditions
of the modified Simmons equation and the rule of intramolecular series circuits. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.4972131]

I. INTRODUCTION

Electron transport through a molecular junction has
received considerable attention due to its potential appli-
cations to next generation electronics.1–8 During the past
two decades, numerous studies have shown that molecules,
according to their various structures, can function as recti-
fiers,9–12 sensors,13 transistors,14,15 electric wires,16–18 revolv-
ing doors,19 motors,20 and amplifiers.21 In order to understand
these mechanisms, the Landauer-Büttiker formalism, non-
equilibrium Green’s function (NEGF) methods, and reduced
density matrix theory have been employed in a variety of
molecular systems.22–29 In most theoretical studies, electron
transport properties (e.g., transmission) are regarded as the
property which is determined by the totality of an electrode-
molecule-electrode system, rather than a focus on the role of
the individual molecular backbone units (modules) of a molec-
ular wire. However, two recent experiments have shown that,
for a molecular wire based on particular molecular backbone
units, the conductance of a single molecular backbone unit can
be defined.30 Furthermore, the current flux through molecular
series-tunneling junctions can be characterized by the modi-
fied Simmons equation,31 which reveals clear and well-defined
roles played by individual modules in electron transport in
molecular junctions.

In addition to the two experiments mentioned above,
numerous earlier reports have shown that conductance decay
constants (attenuation factors) are quite different in dis-
tinct types of oligomer systems.32–42 These studies indicate
that conductance decay constants should be strongly corre-
lated to the types of monomers (molecular backbone units).
Some theoretical analysis showed that the conductance decay
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constants may be understood by a potential barrier model with
the WKB approximation43–45 or by the single-orbital-per-site
model with single-particle Green’s function method.33,46 The
potential barrier model showed that the conductance decay
constants were dominated only by the potential barrier height
but did not give an adequate interpretation of transition volt-
age spectroscopy47 or the mechanism of hole carrier transport
in molecular junctions.48–50 The single-orbital-per-site model
concluded that the conductance decay constants depend on
the on-site energy of each molecular backbone unit and the
couplings between two nearest neighbor units, but it could
not explain the processes of tunneling with destructive quan-
tum interference51–54 or predict the values of the conductance
decay constants. We remark that although first-principle simu-
lations combined with the NEGF can quantitatively predict the
values of conductance decay constants55,56 and explain tunnel-
ing with destructive quantum interference,57 but they do not
offer a clear relation between conductance decay constants and
molecular backbone units.

In the present study, we explore the role of molecular back-
bone units in molecular conductance. Specifically, we study
electron transport through a molecular junction by separating
a molecular wire into several molecular backbone units and
anchoring groups (a modular approach). The remainder of the
paper is organized as follows. In Section II, while neglecting
many-body effects14,15 and vibronic couplings,58,59 we derive
an analytical expression for the conductance decay constant for
a molecular wire consisting of repeat units under low-bias and
low-temperature conditions. This expression can be used for
estimating the conductance decay constants in the off-resonant
tunneling regime. In Section III, for demonstration, we exam-
ine several molecular systems within a specific tight-binding
model (the Hückel model). In the Hückel model, the modular
approach (i) shows the on-site energy in the single-orbital-per-
site model33,46 as a synergistic effect of all molecular orbitals
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of a molecular backbone unit, (ii) provides a clear understand-
ing of destructive quantum interference caused by a molecular
backbone unit, and (iii) offers the preconditions of the modi-
fied Simmons equation31 and the rule of intramolecular series
circuits.60,61 In Section IV, we summarize the main results and
give an outlook for future work.

II. THEORY

In this paper, we focus on the role of a molecular backbone
unit (a module of a molecular wire) and only consider electron
transport through molecules with repeating molecular back-
bone units under the low-bias and low-temperature conditions.
In the low-bias condition, charging effects in the molecules
with a large injection gap can be neglected,62 and the cur-
rent contributed by inelastic tunneling effects is small.43,46,63

In the low-temperature condition, thermally activated hopping
is not dominant in electron transport processes.28,29,65 Under
these two conditions, the main electron transport mechanism
is coherent elastic tunneling, so it is appropriate to model elec-
tron transport by using a Green’s function approach together
with a tight-binding model,22–24 which has been extensively
used in mesoscopic systems and molecular systems. In this
framework, the total system (a molecular junction consisting
of a molecule and two electrodes), as shown in Fig. 1, can be
modeled by the total Hamiltonian,

Htot = Hmol + Σelec(E), (1)

comprising the molecular Hamiltonian Hmol and the self-
energy contributed by the two electrodes Σelec(E), which can
be written as

Σelec(E) = ΣL(E) + ΣR(E). (2)

Here the left (right) electrode self-energy ΣL(R)(E) is typically
written as

ΣL(R)(E) = ∆L(R)(E) −
i
2
ΓL(R)(E), (3)

where ∆L(R)(E) is the real part of the left (right) electrode
self-energy, which corresponds to an energy shift resulting
from the electrodes; ΓL(R)(E) is the imaginary part of the left
(right) electrode self-energy, which is related to the tunneling
rate between the left (right) electrode and the molecule. Note
that both ∆L(R)(E) and ΓL(R)(E) depend on the energy of the
tunneling electron E.

Specifically, the molecular Hamiltonian Hmol for a
molecule with repeat units and two anchoring groups can be
expressed as

Hmol =

*..............
,

hL vLB 0 · · · 0 0

v†LB h v
. . .

. . . 0

0 v†
. . .

. . .
. . .

...
...

. . .
. . .

. . . v 0

0
. . .

. . . v† h v BR

0 0 · · · 0 v†BR h R

+//////////////
-

, (4)

where hL(R) represents the Hamiltonian of the left (right)
anchoring group, h is the Hamiltonian of the repeating molec-
ular backbone unit, v is the coupling between two nearest
neighbor repeat units, and vLB(BR) is the coupling between
the left (right) anchoring group and the repeat unit. Note that
Hmol is a block tridiagonal matrix, and hL(R), h, v, and vLB(BR)

are matrices.
For the electrode self-energy, we assume that the left

(right) electrode only interacts with the left (right) anchor-
ing groups. This assumption is reasonable because the cou-
plings between the repeat units and the electrode are much
weaker compared with the electrode-anchoring group cou-
plings. Besides, in the small-bias and low-temperature limit,
the energy of the tunneling electron nearly equals the Fermi
level EF . Therefore, it is appropriate to assume that ∆L(R) and
ΓL(R) have the following forms:

FIG. 1. Schematic representation of a molecular junction in a modular framework. The molecular junction consists of the left electrode, the right electrode, and
a molecule wire. In the modular approach, we separate the molecular wire into several modules: two anchoring groups (AL and AR) and repeating molecular
backbone units (M). Note that we interchangeably use the terms molecular backbone unit, repeat unit, and monomer throughout the article. Hmol and ΣL(R)
represent the molecular Hamiltonian and the left (right) electrode self-energy, respectively. hL(R) represents the Hamiltonian of the left (right) anchoring group, h
is the Hamiltonian of the repeat unit, v is the coupling between two nearest neighbor repeat units, and vLB(BR) is the coupling between the left (right) anchoring
group and the repeat unit.
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∆L(EF) =

*......
,

δL 0 · · · · · ·
0 0 · · · · · ·
...

...
. . . · · ·

...
...

...
. . .

+//////
-

, (5)

∆R(EF) =

*.........
,

. . . · · · · · · · · ·
...

. . . · · · · · ·
...

... 0 0
...

... 0 δR

+/////////
-

, (6)

ΓL(EF) =

*......
,

γL 0 · · · · · ·
0 0 · · · · · ·
...

...
. . . · · ·

...
...

...
. . .

+//////
-

, (7)

and

ΓR(EF) =

*.........
,

. . . · · · · · · · · ·
...

. . . · · · · · ·
...

... 0 0
...

... 0 γR

+/////////
-

, (8)

where matrices δL(R) and γL(R) correspond to the real part
and the imaginary part of the left (right) electrode self-energy
which acts on the left (right) anchoring groups, respectively.
From Eqs. (3) and (5)–(8), the electrode self-energy can be
expressed as

Σelec(EF) =

*..............
,

δL −
i
2γL 0 0 · · · 0 0

0 0 0
. . .

. . . 0

0 0
. . .

. . .
. . .

...
...

. . .
. . .

. . . 0 0

0
. . .

. . . 0 0 0
0 0 · · · 0 0 δR −

i
2γR

+//////////////
-

. (9)

In the small-bias and low-temperature limit, molecular
conductance is proportional to the transmission function at
the Fermi level T (EF), i.e., g = gQT (EF) (Landauer formula),
where gQ is the conductance quantum, and the transmission
function T (EF) can be computed via the relation,22,23

T (EF) = Tr
(
ΓL(EF)GR

mol(EF)ΓR(EF)GA
mol(EF)

)
, (10)

where GR(A)
mol (EF) is the retarded (advanced) molecular Green’s

function at the Fermi level. The matrix elements of the retarded

molecular Green’s function
(
GR

mol(EF)
)

uv
can be computed via

GR
mol(EF) := lim

η→+0
Gmol(EF + iη)

= (EF − Hmol − Σelec(E))−1. (11)

Here EF = limη→+0EF + iη and η is a small positive real
number.

In order to explore the role of molecular backbone units
(modules), we recast H tot as H tot = H0 + H1, where

H0 =

*..............
,

hL + δL −
i
2γL 0 0 · · · 0 0

0 h 0
. . .

. . . 0

0 0
. . .

. . .
. . .

...
...

. . .
. . .

. . . 0 0

0
. . .

. . . 0 h 0
0 0 · · · 0 0 hR + δR −

i
2γR

+//////////////
-

,

(12)

which contains only the diagonal blocks (including the molec-
ular backbone units and the anchoring groups), and

H1 =

*..............
,

0 vLB 0 · · · 0 0

v†LB 0 v
. . .

. . . 0

0 v†
. . .

. . .
. . .

...
...

. . .
. . .

. . . v 0

0
. . .

. . . v† 0 vBR

0 0 · · · 0 v†BR 0

+//////////////
-

, (13)

which contains only the couplings between the diagonal
blocks.

To this end, the retarded molecular Green’s function can
be expanded in powers of (H1G0(EF)) as

GR
mol(EF) = G0(EF)

∞∑
q=0

(H1G0(EF))q, (14)

where

G0(EF) = (EF − H0)−1. (15)

Eq. (14) (Born series) converges only when the absolute val-
ues of all eigenvalues Λn of H1G0(EF) are less than 1, i.e.,
∀ |Λn | < 1.64 In other words, a proper choice of EF and how
to partition H tot as H tot = H0 + H1 (molecular backbone units
and their couplings) are important to result in the condition
∀ |Λn | < 1. In general, the means to properly partition into
H0 and H1 depends on the energy of a tunneling electron.
Substituting Eq. (14) into Eq. (10) leads to the transmission
function

T (EF) = Tr *.
,
ΓL(EF)G0(EF)

∞∑
q1=0

(H1G0(EF))q1ΓR(EF)G†0(EF)
∞∑

q2=0

(
H1G†0(EF)

)q2 +/
-

(16)

= Tr
(
ΓL(EF)G0(EF)ΓR(EF)G†0(EF)

)
+ Tr

(
ΓL(EF)G0(EF)H1G0(EF)ΓR(EF)G†0(EF)

)
+Tr

(
ΓL(EF)G0(EF)ΓR(EF)G†0(EF)H1G†0(EF)

)
+ · · · . (17)
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By using the block-tridiagonal structure of Eq. (4) and the
fact that the system has N repeat units as well as two anchor-
ing groups (i.e., there are N + 2 units), one easily finds that
Tr

(
ΓL(EF)G0(EF)(H1G0(EF))q1ΓR(EF)G†0(EF)

(
H1G†0(EF)

)q2
)

= 0 for q1 ≤ N and q2 ≤ N . As a result, Eq. (16) becomes

T (EF) =
∞∑

q1=N+1

∞∑
q2=N+1

Tr
(
ΓL(EF)G0(EF)(H1G0(EF))q1

× ΓR(EF)G†0(EF)
(
H1G†0(EF)

)q2
)

. (18)

Taking only the lowest-order term in Eq. (18), T (EF) can be
approximated as

T (EF) ≈ Tr
(
ΓL(EF)G0(EF)(H1G0(EF))N+1

ΓR(EF)G†0(EF)

×
(
H1G†0(EF)

)N+1
)

. (19)

Furthermore, from Eqs. (7), (8), (12), (13), and (15), it is read-
ily seen that Eq. (19) can be expressed in terms of the Green’s
functions of the molecular backbone units and their couplings,

T (EF) = Tr
(
γLgLvLB(gv)N−1gvBRgRγRg†Rv†BRg†

×
(
v†g†

)N−1
v†LBg†L

)
, (20)

where

g = (EF − h)−1, (21)

gL = (EF − hL − δL +
i
2
γL)−1, (22)

gR = (EF − hR − δR +
i
2
γR)−1. (23)

g and gL(R) correspond to the Green’s functions of the molec-
ular backbone units and left (right) anchoring group, respec-
tively. Here gv is a square matrix because we consider the case
of molecules with repeat units (i.e., the spaces of the matrix g
and v are the same). Note that gv is not a Hermitian matrix but
can be diagonalized as gv = U�1DU, where U is a matrix com-
posed of the eigenvectors of gv, and D is a diagonal matrix
containing the corresponding eigenvalues. The general con-
dition 0 ≤ T (EF) ≤ 1 requires that the absolute values of all
eigenvalues λn of gv and all eigenvalues Λn of H1G0 (EF) are
less than 1 to ascertain that (gv)N and (H1G0 (EF))N do not
diverge when N → ∞.

By the use of cyclic permutations, gv = U�1DU, and
D† = D∗, Eq. (20) becomes

T (EF) = Tr
(
v†LBg†LγLgLvLB(gv)N−1gvBRgRγRg†Rv†BRg†

(
v†g†

)N−1
)

= Tr
(
U−1†v†LBg†LγLgLvLBU−1DN−1UgvBRgRγRg†Rv†BRg†U†(D†)

N−1
)

= Tr
(
ADN−1B(D∗)N−1

)
, (24)

where A ≡ U−1†v†LBg†LγLgLvLBU−1 and B ≡ UgvBRgRγRg†R
v†BRg†U†. The influence of the electrode self-energies and the
anchoring groups on T (EF) is implicit in A and B. The
Hamiltonian of a molecular backbone unit h and the coupling
between two neighboring backbone units v are contained in
the matrix D.

Eq. (24) can be written as

T (EF) =
∑
n1,n2

an1,n2 bn2,n1λ
N−1
n2

(λ∗n1
)N−1, (25)

where an1,n2 , bn1,n2 , and λn1(n2) correspond to the matrix ele-
ments of A, B, and D, respectively. λn can be regarded as
the independent conduction channel of each repeat unit (not
a whole molecule). If we assume that |λn | � |λm,n |, Eq. (25)
will be reduced to

T (EF) = an,nbn,n |λn |
2N−2

= an,nbn,n exp(−2 ln |
1
λn
|(N − 1)), (26)

and the conductance g becomes

g ∝ exp(−2 ln |
1
λn
|N) (27)

≡ exp(−βdecayN), (28)

which clearly shows that g exponentially decreases with the
number of repeat units N (corresponding to the molecular
length), and the conductance decay constant has a closed form

βdecay = 2 ln |
1
λn
|. (29)

Eq. (28) has been extensively observed in the oligomer
systems32–42 and can be obtained by the potential barrier
model43–45 or the single-orbital-per-site model (the simplest
tight-binding model).33,46 Note that our approach not only
rederives Eq. (28) but also offers additional physical insights.
For example, compared with the previous theoretical analy-
ses, our approach explicitly gives the preconditions of Eq. (28)
(∀ |λn | < 1 and |λn | � |λm,n |) and shows that Eq. (28) can be
derived from a more general tight-binding model.

III. APPLICATIONS

To show the correlation between molecular conductance
and the role of molecular backbone units (repeat unit), we
apply the modular approach (the approach developed in
Section II) to several model systems (see Fig. 2) and study
the following four topics including (i) conductance decay con-
stants, (ii) correspondence between the single-orbital-per-site
model and the Hückel model, (iii) tunneling with destructive
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FIG. 2. (a) Schematic representation of a molecular junction (left panel) and the structure of molecular wires (right panel). The molecular junction consists of
the left electrode, the right electrode, and a molecule wire having two anchoring groups (AL and AR) as well as molecular backbone units (Ma, Mb, Mc, and
Md). We study two types of molecular wires: molecule (i) is based on the same type of molecular backbone units Ma (Mb, Mc, and Md) in series, and molecule
(ii) consists of two types of units Ma and Mb in series. (b) The structures of four molecular backbone units and two anchoring groups.

quantum interference, and (iv) the modified Simmons equa-
tion and the rule for intramolecular series circuits. To clearly
demonstrate the applications of the modular approach, we
study molecular conductance in the framework of the Hückel
model because the Hückel model is the simplest atomistic
model in chemistry and it provides a clear physical pic-
ture in π-electron systems. In the Hückel model, the on-site
energy of carbon atoms and the nearest-neighbor resonance
integral between two carbon atoms denote α and β, respec-
tively. For nitrogen atoms, we take their on-site energy as
α+0.5β and the resonance integral between carbon and nitro-
gen atoms as β.66 For the electrode self-energy, we take the
simple form ΣL(R)(EF)= −iγL(R)/2|pz,L(R)〉〈pz,L(R) |,19,67 where
|pz,L(R)〉 stands for the pz orbital of the nitrogen atom of the
anchoring group linked to the left (right) electrode (see AL(R)

in Fig. 2(b)). Note that the boldface γL(R) is a matrix while
γL(R) is a number.

A. Conductance decay constants

In Section II, we showed that molecular conductance
exponentially decreases with the number of repeat units under

the condition that ∀ |λn | < 1 as well as |λn | � |λm,n |. Our
modular approach can quantitatively give a good estimate of
the conductance decay constants. To illustrate this, we simu-
late electron transport through four molecular systems based
on molecular backbone units Ma, Mb, Mc, and Md (see the
molecule (i) in Fig. 2) at three different Fermi levels (EF = α,
α−0.05β, andα+0.05β). According to Eqs. (10) and (11), and
the Landauer formula, we can directly calculate the conduc-
tance of molecular wires with 1� 6 repeat units. Then, from
these six values, the conductance decay constant βdecay can
be derived by least square fitting. The computational results
are summarized in Table I. For the molecule (i) with Ma, Mb,
and Md, the conductance decay constants are less sensitive to
the position of the Fermi level in the range from α − 0.05β to
α + 0.05β. Furthermore, the resonance integral β in the Hückel
model is approximately 2.4 eV, which indicates that the con-
ductance decay constants should be nearly the same values
around the Fermi level (EF ± 0.12 eV) or in the low-bias con-
dition, consistent with the experimental observations.35 On the
other hand, the conductance decay constants of the molecule
(i) with Mc are sensitive to the Fermi level. It is because Mc

is a unit having a strong quantum interference effect due to the

TABLE I. Computational values of conductance decay constants βdecay for γL = γR = 1.0 eV.

Fermi level (EF ) α − 0.05β α α + 0.05β

Molecular unit Decay constant Fittinga Moduleb Fitting Module Fitting Module

Ma (benzene with a para-type link) βdecay,a 1.36 1.37 1.39 1.39 1.36 1.37
Mb (naphthalene) βdecay,b 0.76 0.79 0.81 0.81 0.75 0.79
Mc (benzene with a meta-type link) βdecay,c 8.74 8.75 ∞ ∞ 8.74 8.75
Md (pyridine with a meta-type link) βdecay,d 3.99 4.00 4.13 4.16 4.22 4.30

aFitting stands for the conductance decay constants derived from the direct numerical calculations (Eqs. (10) and (11)) of the
conductance of molecules having N = 1�6 repeating molecular backbone units (Ma, Mb, Mc, and Md) together with least square
fitting.
bModule stands for the conductance decay constants derived from the modular approach, i.e., from Eq. (29).
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FIG. 3. Schematic representation of the
molecule (i) with repeating molecular
backbone unit Ma. The numbers stand
for the indexes of π-orbitals on atoms.
N is the total number of repeat units
and 1 ≤ n ≤ N . We assume that the
electrode self-energy only interacts with
the nitrogen atoms of the two anchoring
groups.

meta-benzene structure.68–70 We will discuss the molecule (i)
with Mc later.

In order to illustrate how to use the modular approach
to estimate conductance decay constants, first, we consider
the molecule (i) with the repeat units Ma and assign an index
for the π-orbital on each atom as shown in Fig. 3. Second,
we divide the total system into two parts: H0 describes the
Hamiltonian of the isolated units, e.g., AL, AR, and Ma, and
H1 denotes the interactions between these units. According
to Fig. 3 and the Hückel model, the Hamiltonian H0 and the
electrode self-energy Σelec can be expressed as

H0 = HAL ⊕ HMa ⊕ . . . ⊕ HMa ⊕ HAR + Σelec, (30)

and

Σelec = −
i
2
γL |1〉〈1| −

i
2
γR |8N + 12〉〈8N + 12|, (31)

where HAL, HAR, and HMa are the Hückel Hamiltonian of
AL, AR, and Ma, respectively, and the interaction Hamiltonian
(interactions between molecular units) H1 is

H1 =

N+1∑
n=1

β(|8n〉〈8n + 1| + |8n + 1〉〈8n|). (32)

Consequently, the matrices h and v of the molecule (i) with
the repeat unit Ma are

h = HMa =

*.............
,

α β 0 0 0 β 0 0
β α β 0 0 0 0 0
0 β α β 0 0 0 0
0 0 β α β 0 β 0
0 0 0 β α β 0 0
β 0 0 0 β α 0 0
0 0 0 β 0 0 α β
0 0 0 0 0 0 β α

+/////////////
-

, (33)

and their nearest-neighbor couplings are

v =

*......
,

0 0 · · · · · ·
0 0 · · · · · ·
...

...
. . . · · ·

β
...

...
. . .

+//////
-

. (34)

By using Eq. (21), we can derive the eigenvalues of gv as

λn =
2β6

(EF − α)6 − 7β2(EF − α)4 + 12β4(EF − α)2 − 4β6

(35)

and zeros. (There are eight eigenvalues, and seven of them are
zeros.) Recall that EF = limη→+0EF + iη and η is a small pos-
itive real number. If we take EF = α, Eq. (35) gives λn = −1/2.
Evidently, the absolute values of all eigenvalues of gv are
less than 1, indicating that the preconditions of the modular
approach are satisfied, i.e., the choice of EF and the partition
of the total Hamiltonian are appropriate. Moreover, by using
Eq. (29), we can derive βdecay = 2 ln |−2| ≈ 1.39, which is
exactly the same as the value derived from least square fit-
ting. Table I shows that for molecule (i) having the repeat
units Ma, Mb, and Md , their conductance decay constants
derived from the modular approach and least square fitting
are nearly the same in proximity to EF = α. Furthermore, if we
take EF = α + 0.05β and EF = α − 0.05β, the two approaches
still give good approximate conductance decay constants. This
indicates that the modular approach gives an excellent esti-
mate for the conductance decay constants in the off-resonant
tunneling regime.

B. Correspondence between the single-orbital-per-site
model and the modular approach

The single-orbital-per-site model46 is a simple but suc-
cessful theory which offers a clear physical picture of
electron transport through a molecular wire in the tun-
neling regime. This model assumes that each molecu-
lar backbone unit has one orbital and only considers the
nearest-neighbor coupling between two orbitals. The con-
clusion of the single-orbital-per-site model is summarized
in Table II. Note that, according to this model, the expo-
nential decay of conductance vanishes and the conductance
oscillates with the number of repeat units when the abso-
lute value of the ratio of the injection gap EF�Eon�site to
the coupling between two sites V coupling is less than 2, i.e.,
����
EF−Eon�site

Vcoupling

���� < 2. That is, according to the single-orbital-per-

site model, βdecay is always larger than 1.39, which is not
consistent with the experimental observation.30 Besides, the
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TABLE II. Comparison between the single-orbital-per-site model and the modular approach.a

Theory Single-orbital-per-site model Modular approach

Number of orbitals on each site 1 Any number

Condition for the exponential decays (1) All eigenvalues of gv

of conductance
����
EF−Eon�site

Vcoupling

���� > 2 satisfy |λn | < 1.

with number of sites N (2) |λn | � |λm,n |.
(3) All eigenvalues of H1G0(EF )
satisfy |Λn | < 1.b

Conductance decay constant βdecay = 2 ln
����
EF−Eon�site

Vcoupling

���� βdecay = 2 ln ���
1
λn

���
aEon�site and V coupling stand for the on-site energy and the nearest neighbor couplings between two sites, respectively.
bIn most cases, conditions (1) and (2) are sufficient for the derivation of the formula βdecay = 2 ln ���

1
λn

���. However, when the number
of orbitals on each site is small, condition (3) should be considered.

physical interpretation of these orbitals on the molecular back-
bone units is vague. For example, are these orbitals the HOMO
(highest occupied molecular orbital) or the LUMO (lowest
unoccupied molecular orbital) of a molecular backbone unit?
The two concerns can be eliminated by the modular approach.
Moreover, the modular approach provides an explicit equation
which connects the single-orbital-per-site model (the sim-
plest tight-binding model) and the Hückel model (the simplest
atomistic model).

To explore the correspondence between the Hückel model
and the single-orbital-per-site model, we take the same exam-
ple (molecule (i) with repeat units Ma). According to Eqs. (10)
and (31), we have

T (EF) = Tr
(
ΓL(EF)GR

mol(EF)ΓR(EF)GA
mol(EF)

)
= (ΓL(EF))1,1(GR

mol(EF))1,8N+12

× (ΓR(EF))8N+12,8N+12(GA
mol(EF))8N+12,1

= γLγR |(G
R
mol(EF))1,8N+12 |

2. (36)

Assume that the absolute values of all eigenvalues Λn of
H1G0 (EF) are less than 1. According to Eqs. (14), (30), and
(32), the molecular Green’s function of the molecule (i) with
repeat units Ma can be expressed as

G(i)(EF) ≡ (GR
mol(EF))1,8N+12

= 〈1|
∞∑

q=0

G0(EF)(H1G0(EF))q |8N + 12〉 (37)

≈ 〈1|G0(EF)(H1G0(EF))N+1 |8N + 12〉 (38)

= 〈1|G0(EF)|8〉〈8|H1 |9〉

× *
,

N∏
n=1

〈8n + 1|G0(EF)|8n + 8〉〈8n + 8|H1 |8n + 9〉+
-

× 〈8N + 9|G0(EF)|8N + 12〉 (39)

= βN+1〈1|G0(EF)|8〉〈8N + 9|G0(EF)|8N + 12〉

×

N∏
n=1

〈8n + 1|
1

EF − H0

|8n + 8〉, (40)

where Eq. (38) is the first non-zero term of the expansion of
(GR

mol(EF))1,8N+12 in powers of (H1G0 (EF)) in Eq. (37).

The last term in Eq. (40) can be further analyzed by using
the spectral decomposition technique,

〈8n + 1|
1

EF − H0

|8n + 8〉 = 〈8n + 1|
1

EF − HMa

|8n + 8〉

=

8∑
k=1

c∗k,8n+1ck,8n+8

EF − εk

≡
1

EF − εeff,Ma (EF)
, (41)

where ck ,8n+1 (8) and εk denote the elements of eigenvectors
and the eigenvalues of HMa, respectively. Eq. (41) indicates
that the sum of the conduction channels k in the molecular
backbone unit Ma is equivalent to an effective single channel
with energy εeff,Ma (EF) in the single-orbital-per-site model (see
Fig. 4). Note that εeff,Ma (EF) is a function of EF . For example,
if we take EF = α, we can obtain that the Green’s function
of Ma is 〈8n + 1|G0(EF)|8n + 8〉 = −0.5β−1 and the effective

FIG. 4. Upper panel: In the Hückel model, each molecular backbone unit
has 8 π-electron molecular orbitals (which corresponds to H0), and the near-
neighbor molecular backbone units interact with each other via the coupling
β (which corresponds to H1). Lower panel: By using the spectral decomposi-
tion, the synergistic effect of the molecular orbitals in each molecular unit is
equivalent to an effective single channel in the single-orbital-per-site model.
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on-site energy of Ma is εeff,Ma (EF) = α + 2β. That is, via the
modular approach with the Hückel model, the effective on-site
energy of each molecular backbone unit can be defined.

Substituting Eq. (41) into Eq. (40), we can obtain

G(i)(EF) = β〈1|G0(EF)|8〉〈8N + 9|G0(EF)|8N + 12〉

× *
,

β

EF − εeff,Ma (EF)
+
-

N

(42)

≡ βgAL (EF)gAR (EF)
(
gMa (EF)β

)N . (43)

For convenience, we use gMa (EF), gMb (EF), gMc (EF),
gMd (EF), and gAL(R) (EF) to stand for the Green’s functions
of Ma, Mb, Mc, Md, and AL(R) in Fig. 2, respectively. Sub-
stituting Eq. (43) into Eq. (36) as well as Landauer formula
yields

g(i),Ma = gcontact exp(−βdecay,aN), (44)

gcontact = gQγLγR β
2 |gAL (EF)|2 |gAR (EF)|2, (45)

βdecay,a = 2 ln
������

EF − εeff,Ma (EF)

β

������
, (46)

where g(i),Ma is the conductance of the molecule (i) with N
repeat units based on Ma, gcontact is the contact conductance,
and βdecay,a is the decay constant of Ma. Eqs. (44)–(46) clearly
show that the conductance exponentially decays with the num-
ber of repeat units. It is worth noting that in the framework of
the Hückel model, the modular approach gives a closed form
of the contact conductance, and Eq. (45) clearly shows that
the contact conductance depends on the Fermi level EF , the
type of anchoring groups gAL(R) (EF), and electrode-anchoring
group couplings γL(R). Incidentally, gcontact and βdecay,a can
be experimentally determined by a conductance–molecular
length plot.30 In the case of the molecule (i) having repeat
units Ma, β−1(EF − εeff,Ma (EF)) exactly corresponds to 1/λn

in Eq. (29). That is, if we take EF = α, Eqs. (29) and (46) will
give the same decay constant βdecay,a = 2 ln 2= 1.39. Note that
the conductance decay constant given by the single-orbital-

per-site model is always larger than 1.39 because
����
EF−Eon�site

Vcoupling

����
has to be larger than 2, but actually the conductance decay
constants (see Table I) can be smaller than 1.39. This can
be understood by the precondition of Eqs. (44)–(46), i.e.,
|1/λn | = | β

−1(EF−εeff,Ma (EF))| > 1 indicates that the limitation
of βdecay is βdecay > 0 not βdecay > 1.39.

Here we would like to emphasize that the physical insights
given by the modular approach in the framework of the Hückel
model are quite different from those by the single-orbital-
per-site model. First, an effective single conduction channel
(single energy level) comes from the synergistic effect of all
conduction channels (molecular orbitals) of a molecular back-
bone unit. That is, each energy level in the single-orbital-per-
site model is neither the HOMO (highest occupied molecular
orbital) nor the LUMO (lowest unoccupied molecular orbital)
of each molecular backbone unit from a perspective of the
Hückel model. Second, the on-site energy in the single-orbital-
per-site model is a function of the tunneling electron energy
E. Recall that in the original single-orbital-per-site model the

on-site energy of each molecular unit does not depend on E.
Third, the chosen g, v, and EF have to satisfy the condition
that all |λn | of gv are less than 1. In other words, the modular
approach gives an explicit definition of “the weak coupling
and large gap limit,” i.e., |1/λn | = | β

−1(EF − εeff(EF))| > 1.
This result is different from that in the single-orbital-per-
site model (Recall that in the single-orbital-per-site model,
|V−1

coupling(EF−Eon�site)| > 2). This also explains the reason that
the experimentally observed conductance decay constants can
be smaller than 1.39 (Note that the unit of conductance decay
constants we use here is per unit, not per angstrom).

C. Tunneling with destructive quantum interference

Destructive quantum interference plays a key role in elec-
tron transport through molecular junctions, and this prop-
erty can be employed to design quantum-interference-effect
transistors,51,68–70 optoelectronic switches,71–73 and molecu-
lar machines.19 In the framework of the Landauer-Büttiker
formalism and the NEGF methods, tunneling with destructive
quantum interference corresponds to transmission dips74–78

and this behavior can be understood via the symmetry of
molecular orbitals.53,79 However, the transmission and the
molecular orbitals have to be derived from the calculation of
a whole system. In order to explore the influence of molecular
backbone units (modules) on tunneling with destructive quan-
tum interference in a whole system, we study the molecule
(i) with Mc, a repeat unit based on benzene with a meta-type
link (see Fig. 5).

We use the same analysis: H0 describes the Hamiltonian
of the isolated anchoring groups and molecular units includ-
ing AL, AR, and Mc, and H1 is the interaction between these
modules. According to the modular approach and the structure
of the molecule (i) based on Mc, we have

h = HMc =

*.............
,

α β 0 0 0 β 0 0
β α β 0 0 0 0 0
0 β α β 0 0 0 0
0 0 β α β 0 0 0
0 0 0 β α β β 0
β 0 0 0 β α 0 0
0 0 0 0 β 0 α β
0 0 0 0 0 0 β α

+/////////////
-

, (47)

and the couplings between Mc

v =

*......
,

0 0 · · · · · ·
0 0 · · · · · ·
...

...
. . . · · ·

β
...

...
. . .

+//////
-

. (48)

By using Eq. (21), we can derive the eigenvalues of gv as

λn =
(EF − α)β5

(EF − α)6 − 7β2(EF − α)4 + 12β4(EF − α)2 − 4β6

(49)

and zeros. (There are eight eigenvalues, and seven of them are
zeros.) When we take EF = α, Eq. (49) gives λn = 0−. That
is, all eigenvalues of gv are zeros, indicating that the molecule
(i) with repeat units Mc has a zero molecular conductance. In
this case, the conductance decay constant can be regarded as
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FIG. 5. Schematic representation of the
molecule (i) with repeating molecular
backbone unit Mc. The numbers stand
for the indexes of π-orbitals on atoms.
N is the total number of repeat units
and 1 ≤ n ≤ N . We assume that the
electrode self-energy only interacts with
the nitrogen atoms of the two anchoring
groups.

infinite. In addition, EF = α exactly corresponds to the energy
of transmission dips of the molecule (i) with repeat units
Mc.71,73 As EF = α+0.05β and EF = α−0.05β, the modular
approach and least square fitting in Table I both give large val-
ues of conductance decay constants. The modular approach
clearly shows that, around EF = α, the transmission dips
are caused by the destructive quantum interference originating
from the local modular structure Mc.

Alternatively, by using similar procedures to Eqs.
(37)–(40), we can calculate the Green’s function of Mc, and

gMc (EF)= 〈8n + 1|(EF − HMc )
−1
|8n + 8〉, where 8n + 1 and

8n + 8 stand for π-orbitals on the carbon atoms connected
to the two anchoring groups as shown in Fig. 5. When
EF = α, we obtain that the value of the Green’s function is

limη→0+〈8n + 1|(EF − HMc )
−1
|8n + 8〉= 0− and the corre-

sponding transmission coefficient is zero. Moreover, via the

definition of Eq. (41), 〈8n + 1|(EF − HMc )
−1
|8n + 8〉= 0− in

the Hückel model can map onto an infinite on-site energy
in the single-orbital-per-site model, i.e., εeff,Mc (EF)=∞. That
is, tunneling with complete destructive quantum interference,
i.e., T (E)F = 0, can be regarded as an infinite injection gap
(potential barrier) for a tunneling electron.

Note that the zero transmission and the corresponding
Green’s function of Mc are derived in the framework of the
Hückel model (π-electron model). In the extended Hückel
model or more realistic atomistic model, σ electrons80 can
lead to non-zero minute transmission. Nevertheless, the mod-
ular approach still provides a clear link between the destructive
quantum interference and the single-orbital-per-site model.

D. Intramolecular series circuits and modified
Simmons equation

The concepts of intramolecular circuits and their rules
were proposed by Joachim et al.3,60,61,81,82 The molecule (ii)
in Fig. 2 can be regarded as the simplest intramolecular circuit
which consists of Na repeat units of Ma as well as Nb repeat
units of Mb in series. Under the condition ∀ |Λn | < 1, by
using the similar procedures Eqs. (37)–(40), we can derive the

Green’s function of the molecule (ii),

G(ii)(EF) = βgAL (EF)gAR (EF)
(
gMa (EF)β

)Na

×
(
gMb (EF)β

)Nb . (50)

Furthermore, the conductance of molecule (ii) g(ii) can be cast
as a closed form expression

g(ii) = gcontact exp[−βdecay,aNa − βdecay,bNb], (51)

where

βdecay,a(b) = 2 ln
������

EF − εeff,Ma(b) (EF)

β

������
.

Eq. (51) is called the modified Simmons equation, which has
been experimentally observed recently.31 The previous study
derives the modified Simmons equation by using the potential
barrier model and the single-orbital-per-site model, and we
rederive the modified Simmons equation again by the modular
approach.

At a macroscopic scale, the Pouillet’s law states that
the equivalent resistance of two Ohmic resistors in series is
R ∝ ρaLa + ρbLb, where ρa(b) and La(b) stand for the resistiv-
ity of material a(b) and the length of material a(b), respectively.
That is, the resistance is a linear combination of the material
length. However, Eq. (51) shows that the equivalent resistance
of the molecules does not exhibit this relation, indicating that
the Pouillet’s law is not suitable for circuits at the molec-
ular level. Instead, ln(R/Rcont) can be expressed as a linear
combination of monomer numbers (equivalent to the material
length), i.e., ln(R/Rcont) = βaNa + βbNb.

The modified Simmons equation can be reduced to the
rule of intramolecular series circuits. In the case of Na(b) = 1,
according to Eqs. (44)–(46), we can derive the conductance of
AL�Ma�AR and AL�Mb�AR as

g̃a(b) = gcontact

������

β

EF − εeff,Ma(b) (EF)

������

2

, (52)
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and the conductance of a molecular backbone unit Ma(b) can
be defined as30

ga(b) ≡
g̃a(b)

gcontact
. (53)

As a result, when Na = Nb = 1, Eq. (51) can be expressed in
terms of g̃a and g̃b as follows:

gseries = gcontact

������

β

EF − εeff,Ma (EF)

������

2������

β

EF − εeff,Mb (EF)

������

2

= g−1
contact × g̃a × g̃b

∝ g̃a × g̃b, (54)

which is in agreement with the formula proposed by Magoga
and Joachim in an atomic level calculation.60,61 However, the
previous study does not provide an explicit precondition of
Eq. (54), while the modular approach clearly shows that the
series circuit rule given by Magoga and Joachim is only valid
in the off-resonant tunneling regime. (One can easily show
that |Λn | > 1 in the resonant tunneling regime.) The mod-
ular approach not only gives the precondition of the rule of
intramolecular series circuits but also shows that the rule of
intramolecular series circuits (Eq. (54)) can be derived from
the modified Simmons equation (Eq. (51)).

IV. CONCLUSION

To summarize, we explore the conductance of a molecular
wire from the perspective of the individual molecular back-
bone units (modules) and establish a link between a molecular
system and its individual modules. Under the low-bias and
low-temperature conditions, we assume that the main elec-
tron transport mechanism is the coherent elastic tunneling. In
this framework, first, we derive a closed-form expression of
the conductance decay constant from a general tight-binding
model and this expression gives an excellent estimate of con-
ductance decay constants in the off-resonant tunneling regime.
Second, we find the correspondence between the Hückel model
(the simplest atomistic model) and the single-orbital-per-site
model (the simplest tight-binding model), i.e., each energy
level in the single-orbital-per-site model can be regarded as
a synergistic effect of all molecular orbitals on a molecular
backbone unit in the Hückel model. The comparison of the
single-orbital-per-site model and the modular approach is pre-
sented in Table I. Third, the modular approach offers a clear
physical picture between the destructive quantum interference
and the barrier model: tunneling with complete destructive
quantum interference, i.e., T (E)F = 0, can be regarded as an
infinite injection gap (potential barrier) for a tunneling elec-
tron. Fourth, the preconditions of exponential decay of conduc-
tance with molecular length as well as the modified Simmons
equation are clearly shown in the modular approach. Moreover,
we revisit the rule of intramolecular series circuits proposed by
Joachim and find that the rule is only valid in the condition that
all |Λn | < 1. It is worth noting that the modular approach can
be applied to more complicated tight-binding models (beyond
the Hückel model) such as a Hamiltonian derived from the
density-functional theory in a maximally localized Wannier
function representation.19,67,83,84

An ultimate goal in the field of molecular electronics is to
construct molecule-based integrated circuits. To achieve this
goal, it is essential to clarify the relation between the whole
system (integrated circuits) and individual modules (building
blocks). The present approach clearly explains several electron
transport phenomena in molecular junctions in the off-resonant
tunneling regime and opens up a new direction to explore
the role of individual molecular modules in molecule-based
integrated circuits. Note that many-body effects, vibronic cou-
plings, thermally activated hopping, and resonant tunneling are
not considered in the present study, and these effects may play
a critical role in molecule-based integrated circuits. We hope
that the study motivates additional investigations to explore
molecule-based integrated circuits and boost the development
of molecular electronics.

ACKNOWLEDGMENTS

The authors thank Dr. T.-S. Ho and Professor A. Nitzan
for useful discussions. L.-Y. Hsu acknowledges support by
the NSF (Grant No. CHE-1058644) and the Program in
Plasma Science and Technology at Princeton University.
H.R. acknowledges partial support from the ARO (Grant
No. W911NF-13-1-0237) for the control principles and DOE
(Grant No. DE-FG02-02ER15344) for the modeling.

1A. Nitzan and M. A. Ratner, Science 300, 1384 (2003).
2M. A. Reed, Proc. IEEE 87, 652 (1999).
3C. Joachim, J. K. Gimzewski, and A. Aviram, Nature 408, 541 (2000).
4N. J. Tao, Nat. Nanotechnol. 1, 173 (2006).
5S. M. Lindsay and M. A. Ratner, Adv. Mater. 19, 63 (2007).
6M. A. Ratner, Nat. Nanotechnol. 8, 378 (2013).
7S. V. Aradhya and L. Venkataraman, Nat. Nanotechnol. 8, 399 (2013).
8D. Xiang, X. Wang, C. Jia, T. Lee, and X. Guo, Chem. Rev. 116, 4318
(2016).

9A. Aviram and M. Ratner, Chem. Phys. Lett. 29, 277 (1974).
10A. S. Martin, J. R. Sambles, and G. J. Ashwell, Phys. Rev. Lett. 70, 218

(1993).
11M. Elbing, R. Ochs, M. Koentopp, M. Fischer, C. von Hänisch, F. Weigend,

F. Evers, H. B. Weber, and M. A. Mayor, Proc. Natl. Acad. Sci. U. S. A.
102, 8815 (2005).

12C. A. Nijhuis, W. F. Reus, A. C. Siegel, and G. M. Whitesides, J. Am. Chem.
Soc. 133, 15397 (2011).

13Z. Li, M. Smeu, S. Afsari, Y. Xing, M. A. Ratner, and E. Borguet, Angew.
Chem. Int. Ed. 126, 1116 (2014).

14J. Park, S. A. N. Pasupathy, J. I. Goldsmith, C. Chang, Y. Yaish, J. R. Petta,
M. Rinkoski, J. P. Sethna, H. D. Abruna, P. L. McEuen et al., Nature 417,
722 (2002).

15W. Liang, M. P. Shores, M. Bockrath, J. R. Long, and H. Park, Nature 417,
725 (2002).

16I.-W. P. Chen, M.-D. Fu, W.-H. Tseng, J.-Y. Yu, S.-H. Wu, C.-J. Ku, C.-H.
Chen, and S.-M. Peng, Angew. Chem. Int. Ed. 45, 5814 (2006).

17D.-H. Chae, J. F. Berry, S. Jung, F. A. Cotton, C. A. Murillo, and Z. Yao,
Nano Lett. 6, 165 (2006).

18L.-Y. Hsu, Q.-R. Huang, and B.-Y. Jin, J. Phys. Chem. C 112, 10538 (2008).
19L.-Y. Hsu, E. Y. Li, and H. Rabitz, Nano Lett. 13, 5020 (2013).
20J. S. Seldenthuis, F. Prins, J. M. Thijssen, and H. S. J. van der Zant, ACS

Nano 4, 6681 (2010).
21C. Joachim and J. Gimzewski, Chem. Phys. Lett. 265, 353 (1997).
22S. Datta, Quantum Transport : Atom to Transistor (Cambridge, 2005).
23M. Di Ventra, Electrical Transport in Nanoscale Systems (Cambridge,

2008).
24A. Nitzan, Chemical Dynamics in Condensed Phases (Oxford, 2006).
25V. Mujica, M. Kemp, and M. A. Ratner, J. Chem. Phys. 101, 6849 (1994).
26M. Magoga and C. Joachim, Phys. Rev. B 56, 4722 (1997).
27W. Tian, S. Datta, S. Hong, R. Reifenberger, J. I. Henderson, and

C. P. Kubiak, J. Chem. Phys. 109, 2874 (1998).

http://dx.doi.org/10.1126/science.1081572
http://dx.doi.org/10.1109/5.752520
http://dx.doi.org/10.1038/35046000
http://dx.doi.org/10.1038/nnano.2006.130
http://dx.doi.org/10.1002/adma.200601140
http://dx.doi.org/10.1038/nnano.2013.110
http://dx.doi.org/10.1038/nnano.2013.91
http://dx.doi.org/10.1021/acs.chemrev.5b00680
http://dx.doi.org/10.1016/0009-2614(74)85031-1
http://dx.doi.org/10.1103/PhysRevLett.70.218
http://dx.doi.org/10.1073/pnas.0408888102
http://dx.doi.org/10.1021/ja201223n
http://dx.doi.org/10.1021/ja201223n
http://dx.doi.org/10.1002/ange.201308398
http://dx.doi.org/10.1002/ange.201308398
http://dx.doi.org/10.1038/nature00791
http://dx.doi.org/10.1038/nature00790
http://dx.doi.org/10.1002/anie.200600800
http://dx.doi.org/10.1021/nl0519027
http://dx.doi.org/10.1021/jp801926d
http://dx.doi.org/10.1021/nl401340c
http://dx.doi.org/10.1021/nn1021499
http://dx.doi.org/10.1021/nn1021499
http://dx.doi.org/10.1016/S0009-2614(97)00014-6
http://dx.doi.org/10.1063/1.468314
http://dx.doi.org/10.1103/PhysRevB.56.4722
http://dx.doi.org/10.1063/1.476841


234702-11 L. -Y. Hsu and H. Rabitz J. Chem. Phys. 145, 234702 (2016)

28D. Segal, A. Nitzan, W. B. Davis, M. R. Wasielewski, and M. A. Ratner,
J. Phys. Chem. B 104, 3817 (2000).

29L.-Y. Hsu, N. Wu, and H. Rabitz, J. Phys. Chem. Lett. 5, 1831 (2014).
30M.-J. Huang, L.-Y. Hsu, M.-D. Fu, S.-T. Chuang, F.-W. Tien, and C.-H.

Chen, J. Am. Chem. Soc. 136, 1832 (2014).
31K.-C. Liao, L.-Y. Hsu, C. M. Bowers, H. Rabitz, and G. M. Whitesides,

J. Am. Chem. Soc. 137, 5948 (2015).
32B. Mann and H. Kuhn, J. Appl. Phys. 42, 4398 (1971).
33R. E. Holmlin, R. Haag, M. L. Chabinyc, R. F. Ismagilov, A. E. Cohen,

A. Terfort, M. A. Rampi, and G. M. Whitesides, J. Am. Chem. Soc. 123,
5075 (2001).

34D. J. Wold, R. Haag, M. A. Rampi, and C. D. Frisbie, J. Phys. Chem. B 106,
2813 (2002).

35V. B. Engelkes, J. M. Beebe, and C. D. Frisbie, J. Am. Chem. Soc. 126,
14287 (2004).

36L. Venkataraman, J. E. Klare, I. W. Tam, C. Nuckolls, M. S. Hybertsen, and
M. L. Steigerwald, Nano Lett. 6, 458 (2006).

37G. Sedghi, K. Sawada, L. J. Esdaile, M. Hoffmann, H. L. Anderson,
D. Bethell, W. Haiss, S. J. Higgins, and R. J. Nichols, J. Am. Chem. Soc.
130, 8582 (2008).

38C. Li, I. Pobelov, T. Wandlowski, A. Bagrets, A. Arnold, and F. Evers, J. Am.
Chem. Soc. 130, 318 (2008).

39R. Yamada, H. Kumazawa, T. Noutoshi, S. Tanaka, and H. Tada, Nano Lett.
8, 1237 (2008).

40B. Capozzi, E. J. Dell, T. C. Berkelbach, D. R. Reichman, L. Venkataraman,
and L. M. Campos, J. Am. Chem. Soc. 136, 10486 (2014).

41Z. Xie, I. Bâldea, C. Smith, Y. Wu, and C. D. Frisbie, ACS Nano 9, 8022
(2015).

42K.-C. Liao, C. M. Bowers, H. J. Yoon, and G. M. Whitesides, J. Am. Chem.
Soc. 137, 3852 (2015).

43A. Nitzan, J. Jortner, J. Wilkie, A. L. Burin, and M. Ratner, J. Phys. Chem.
B 104, 5661 (2000).

44J. M. Beebe, B. Kim, J. W. Gadzuk, C. D. Frisbie, and J. G. Kushmerick,
Phys. Rev. Lett. 97, 026801 (2006).

45J. M. Beebe, B. Kim, C. D. Frisbie, and J. G. Kushmerick, Acs Nano 2, 827
(2008).

46A. Nitzan, Annu. Rev. Phys. Chem. 52, 681 (2001).
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