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ABSTRACT

A modified superexchange model is used to clarify the physical mechanisms for the formation of nonresonant tunneling conductance in
terminated molecular wires. Due to the specific relationship between its key parameters, this model has wider areas of applicability compared
to the flat-barrier model and the standard superexchange model, which are widely involved for the physical interpretation of experimental
results. Moreover, the results obtained in the two latest models appear in the modified model as characteristic limiting cases. Our estimates
show that the exponential decay of conductance, characterized by an attenuation factor β (per repeating unit), is limited by the conditions
β ≤ 1.2 and β ≥ 3.7 for the flat-barrier and standard models, respectively. At the same time, the modified superexchange model yields β > 0,
which, thus, allows us to analyze the tunneling conductance in molecular wires containing both saturated and conjugated bonds. We also
show that for a small number of N repeating wire units (about 3–6 depending on the value of β), the exponential dependence of conductance
on N is violated and, accordingly, contact conductance is not identical to conductance at N = 0. Formulas are found which, on the basis
of experimental data, make it possible to establish the values of superexchange parameters as well as indicate the conditions of possible
hybridization between the orbitals of the anchor groups and the adjacent end units belonging to the interior wire region. One example is the
establishment of features in the tunneling conductance of terminated alkane chains caused by the nature of their anchor groups.
© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5124386., s

I. INTRODUCTION
The use of organic molecules for the nanoscale devices is one
of the promising directions in miniaturization of electronic, optoelectronic, and spintronic circuit components.1–8 Here, significant
progress has been achieved by applying scanning tunneling and
atomic force microscopes for monitoring and controlling the charge
transfer processes in molecular junctions as well as for the fabrication of molecular structures with desirable conduction properties.9,10
The molecular junctions where single molecules or self-assembled
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monolayers are embedded between the electrodes can fulfill the
functions of molecular wires, diodes, transistors, registers, switches,
etc.11–15 A number of factors, such as the molecule-electrode couplings, the energy position of molecular orbitals (MOs) relative to
the Fermi-levels, electronic density of states, molecular conformation and configuration mobility, etc., control the current-voltage and
conductance characteristics of single molecules and molecular structures.7,16 Therefore, the efficiency of charge transmission pathways
depends strongly on the type of the molecular junction as well as the
magnitude and polarity of the applied electric field.
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One of the fundamental processes that manifest themselves
in nanoscale physics is the tunneling of charges (electrons/holes)
through individual molecular wires. A typical molecular wire is a
regular chain of repeating monomers, where the end monomers
are attached to terminal units. The latter play an important role
in the formation of stable self-assemble monolayers and the specific circuits for molecular devices.3,7,13,17,18 Numerous experiments
on the study of the tunneling processes in molecular wires embedded between the metal electrodes show an exponential decrease in
conductance g with the number N of repeating chain units,19–21 i.e.,
g ≃ A exp(−βN). The pre-exponential factor A reflects a contact of
the wire with the electrodes and thereby determines the efficiency of
the tunneling penetration of electrons/holes to the molecular wire
and their tunneling departure from the wire. As for the attenuation factor β, it represents the features of the formation of coherent charge transfer through a regular chain (interior range of the
wire).
The clarification of physical mechanisms responsible for the
formation of factors A and β is one of the most important problems
in the electronics of nanoscale transport processes. The ideal way
is to calculate the conductance based on first principles. However,
due to the complexity of the metal-molecular wire-metal system, this
method encounters significant difficulties. Nevertheless, based on
the theory of complex band structures for long chains with repeating monomers,22 it was possible to obtain the value of β-factor close
to that observed in the experiment.22–25 It is much more difficult to
find from the first principles, the numerical values of factor A. This
is due to the variations in binding geometry of anchor groups to the
adjacent electrodes.20,26,27
The analysis of experimental data is mainly carried out using
the analytical formulas obtained with the use of one or another
physical model. To study the dependence of the conductance of
the molecular wire on its length, the most popular are the Simmons barrier model28 and the McConnell superexchange model.29
Both allow us to express the factors A and β through the parameters attributed to the model. However, serious difficulties arise in
the choice of physically validated parameters. For example, in the
Simmons model, the problem exists with fitting the height of a tunneling barrier.19,30–34 As for the McConnell model, it works in deep
tunneling mode.35–38 Thus, there is a need to use such a model that
would allow us to obtain analytical formulas with clearly defined
areas of applicability, and in particular cases, these formulas would
correspond to those that follow from the Simmons and McConnell
models. For this purpose, it is proposed to use a modified superexchange model, which is a generalization of the standard superexchange model. The generalization consists in removing restrictions
on the relationship between the key parameters characterizing the
superexchange within the interior wire region—a chain of repeating
units.
In this paper, the potentialities of a modified superexchange
model are used to elucidate the physics of the formation of tunneling conductance of molecular wires of various lengths and with
different types of anchor groups that bind the wire to the electrodes.7,16,39 As an example, we applied the theory to the analysis of
experimental data related to the tunneling conductance of symmetrical X–(CH2 )n –X molecular wires, in which the n-alkane chains are
attached to the electrodes through small anchoring groups X = SH,
NH2 , and COOH.26 Based on the results of the analysis, it was
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possible to identify the physical features of the tunneling transmission associated with both the alkane chain and anchoring
groups that make physical and chemical contact with the electrodes. It was especially important to compare the attenuation factors obtained in the modified superexchange model with those
used in the phenomenological Simmons’s barrier model19–21,30,40
or in McConnell’s superexchange model.19,41–45 This made it
possible to significantly advance in understanding the mechanisms of control of electron-transport processes in molecular
junctions.
This paper is organized as follows. In Sec. II, we obtain an analytic expression for nonresonant tunneling conductance in a terminated molecular wire. Section III analyzes the results of experiments
and gives their physical interpretation. A summation of the results
of general physical significance is presented in Sec. IV.
II. MODEL AND BASIC EQUATIONS
For the convenience of the reader, Table I defines the basic
values used in this paper.
We derive analytic formulas based on the rigorous LandauerBüttiker integral expression for the current through nonmagnetic
molecular junctions. In the absence of a magnetic field, the tunneling electron current across the molecular wire can be calculated with
the following expression:46,47
μL
∣e∣
I = ̵ ∫ dE T(E, V),
πh μR

(1)

where |e| is the absolute electron charge and T(E, V) is the
wire transmission function at a voltage bias V. The use of chemical potentials μL and μR for the left (L) and right (R) electrodes as the integration limits suggests that the contribution to
the current is mainly due to electrons that leave occupied levels (positioned below the Fermi level of one of the electrodes)
and arrive to empty levels (positioned above the Fermi level of
another electrode). This situation is well implemented at temperatures below room temperature (see Ref. 48 in more detail). The
transmission function reads T(E, V) = tr[G(E)ΓL (E)G+ (E)ΓR (E)],
where G(E) = I/(EI − H) is the Green’s operator, with E, I, and
H = H W + ΣL (E) + ΣR (E) being the tunneling energy, the unit operator, and the effective wire Hamiltonian, respectively. The latter
includes the wire Hamiltonian H W (in the absence of interaction
between the wire and the electrodes) and the self-energy operators ΣL(R) (E) generated by the interaction of the wire with the electrodes. The self-energy operators also determine the width operators
Γr (E) = 2 ImΣr (E).
A. Tight-binding approach
To specify the superexchange model, we employ the tightbinding version of the electron-transfer process, which is widely
used to study a long-range interelectrode electron transfer mediated by the bridging molecular chains.35,49–54 Let k = 0, N + 1, and
k = 1, 2, . . ., N denote the terminal and interior wire units, respectively. Assuming an analysis of the experimental data related to the
nonresonant conductance of a symmetric molecular wire embedded between the identical electrodes, we represent the effective wire
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TABLE I. List of main variables utilized in this paper.

Symbol

Meaning

μL , μR
i0 (g 0 )
βN
lc (l∗ )
ls
ts
T∗
E∗ (ηc )

Chemical potentials
Current (conductance) unit
Attenuation factor (per chain unit)
Distance from a terminal unit to the surface site (edge chain unit), Fig. 1
Distance between neighboring chain units, Fig. 1
Coupling between neighboring C–C bonds, Fig. 1
Coupling between terminal and adjacent chain units, Fig. 1
Voltage division factor for terminal units (center of delocalized electron
density)
Energy position of the biased (unbiased) center of delocalized electron
density, Fig. 2
Energy position of the HOMO for a long chain, Fig. 2
Principal transmission gaps, Fig. 2 and Eq. (12)
Unbiased principal transmission gap
Terminal transmission gaps, Eq. (19)
Apparent tunneling barrier, Fig. 2
Zero-bias tunneling barrier
Unbiased gaps for terminal units k = 0 and k = N + 1
Broadening of orbital energy for terminal units k = 0 and k = N + 1
Zero-bias width factor, Eq. (5), for edge chain units k = 1 and k = N
Contact factor in the wire with identical terminal units X
Conductance of the wire with a single C–C bond and terminal units X

Ec (Es )
EH
ΔELs , ΔERs
ΔEs
ΔEr0 , ΔErN+1
ΔE
ΔE0 = ΔE|V =0
ΔE∗
Γ∗
Γe
λu
gu

Hamiltonian in the form of the trigonal matrix,35,49
⎛ E0
⎜ −t∗
⎜
⎜
H=⎜ ⋮
⎜
⎜ 0⋯
⎜
⎝ 0

−t∗
E1
⋮
−ts
⋯

0⋯ 0 ⎞
−ts ⋯ 0 ⎟
⎟
⎟
⋱
⋮ ⎟.
⎟
EN −t∗ ⎟
⎟
−t∗ EN+1 ⎠

(2)

Here, t ∗ = −t 01 = −t NN+1 (>0) and t s = −t kk+1 (>0) are the couplings
between the neighboring sites of electron localization (cf. Fig. 1),

whereas Ek and E0(N+1) = E0(N+1) − iΓ∗ /2 are the on-site energies
of the kth interior and the 0(N + 1)th terminal wire units, respectively. Quantity Γ∗ ≡ ΓL = ΓR is the width parameter characterizing the broadening of orbital energy of the terminal unit caused by
interaction of the unit with the adjacent electrode. (Assuming electrodes with wide conduction bands, we neglect the dependence of
the parameter Γ∗ on E.) Now, following the method represented in
Refs. 36, 49, and 54, one gets
T(E, V) = Γ2∗ t∗2 (−ts )N−1 /Det0N+1 (E),

(3)

where Det0N+1 (E) is the determinant of matrix EI − H. At a small
mixture of terminal orbitals with interior wire orbitals, the determinant can be represented in the factorized form,38 Det0N+1 (E)
≈ (E − E0 )(E − EN+1 ) ∏Nν=1 (E − Eν ). Here, E0(N+1) is the abovementioned on-site energy of the terminal unit, whereas Eν is the
eigenvalue of the chain Hamiltonian H chain , which is given by the
diagonal and off-diagonal matrix elements Ek δk′ ,k and −t s δk′ ,k±1 ,
respectively. The factorization yields
T(E, V) ≃ Γ1 (E − E0 )ΓN (E − EN+1 )∣G1N (E)∣2 ,

(4)

where
FIG. 1. Linear n-alkane chain attached to the left (L) and right (R) electrodes via
the terminal units k = 0 and k = N + 1, respectively. The centers of electron localization on the interior wire units (here, the bonds C–Cσ) are denoted by k = 1, 2,
. . ., N. The distance between the neighboring centers is l s . The center of electron
localization at the terminal unit 0(N + 1) is separated from the edge C–C bond
and the adjacent electrode surface by the distances l ∗ and l c , respectively. Rest
explanations are in the text.
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Γ1(N) (Δ) = 2πt∗2 L(Δ),

(L(Δ) =

1 Γ∗ /2
)
π Δ2 + Γ2∗ /4

(5)

can be treated as an edge width factor that determines the linkermediated broadening of the orbital energy level of the 1(N)th
edge chain unit via both its coupling to the 0(N + 1)th terminal
unit (quantity t ∗ ) and Lorentzian L(Δ). The latter contains the
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above-mentioned width parameter Γ∗ . The value of the Γ∗ strongly
depends on the nature of the wire-electrode contact.27,40,55,56 For
instance, dependent on the contact geometry, one can fix the high
and low tunneling conductance through one and the same alkane
chain.26,45 Quantity G1N (E) = (−ts )N−1 ∏Nν=1 [1/(E − Eν )] is the
matrix element ⟨ 1|Gchain (E)|N ⟩ of chain’s Green operator Gchain (E)
= I/(E − H chain ). The value of G1N (E) reflects the superexchange
between the edge units 1 and N of the regular chain mediated by
N − 1 bonds. In this paper, we consider the tunneling transmission,
at which the voltage bias V does not destroy the delocalization of the
MOs of a regular chain. It has been found37,38 that in this case, the
eigenvalue of the Hamiltonian H chain has a standard form,
Eν = Ec − 2ts cos [πν/(N + 1)],

(ν = 1, 2, . . . , N).

(6)

Specificity is only in the value
Ec = Es − ∣e∣Vηc

(7)
(0)

that characterizes the Stark shift of zero-bias on-site energies E1
(0)
(0)
= E2 = ⋯ = EN ≡ Es . The shift is governed by the voltage division
factor ηc = [l∗ + lc + ls (N − 1)/2]/l [l = 2(lc + l∗ ) + ls (N − 1) is the
total interelectrode distance, Fig. 1]. Physically, in line with Eqs. (6)
and (7), the Ec coincides with the energy position of the center of the
delocalized electron density, which is uniformly distributed over all
chain units. In the same approximation, such a delocalization cancels the ramp across the interior range of the wire so that the chain’s
on-site orbital energies remain equal to each other (i.e., E1 = E2 = ⋯
= EN ≡ Ec ) and exhibit the identical Stark shift. This means that
within the interior range of the wire, the ramp is replaced with a
uniform electrostatic profile. A similar effect has been earlier noted
in Refs. 37, 47, and 57. Quantity Eν , Eq. (6), can be attributed
to the energies of the delocalized chain HOMOs (i.e., HOMO
= HOMOν=N , HOMO−1 = HOMOν=N−1 , . . .) or LUMOs (i.e.,
LUMO = LUMOν=1 , LUMO+1 = LUMOν=2 , . . .). As was shown
in Refs. 37 and 38, expression (6) retains its form and, therefore,
the delocalization of MOs in a chain with repeating units is not
destroyed by the voltage bias until condition
ζ = ∣Δs /2ts ∣ S(N) ≪ 1

scitation.org/journal/adv

TABLE II. Numerical values of function S(N).

N
S

1

2
0.5

3
1

4
1.79

5
2.94

6
4.54

7
6.64

N
S

8
9.33

9
12.7

10
16.8

11
21.6

12
27.4

13
27.4

14
41.8

N
S

15
50.6

16
60.6

17
71.9

18
84.4

19
98.3

20
114

21
131

Here, the β(ε) is defined by the relation cosh[β(ε)/2] = ε/2t s , in which
ε = |E − Ec | is the tunneling energy measured from the position of the
Ec [cf. Eq. (7) and Fig. 2]. If the superexchange involves the HOMOs,
then ε = E − Ec > 0.
B. Tunneling conductance
Substituting the factorized transmission function T(E, V) given
by Eqs. (3), (4), and (10) into the basic integral form (1), we arrive at
the following expression for the tunneling current:
I = i0 ∫

ΔELs

ΔERs

dε
Γ1 (ε − ΔE0c )ΓN (ε − ΔEN+1c )Φ(β(ε), N).
ε2

(11)

̵ × 1 eV ≈ 77.4 μA is the current unit.] In
[Quantity i0 ≡ (|e|/πh)
Eq. (11), the tunneling energy ε is restricted by the energy window,
which is determined by principal transmission gaps ΔEL(R)s = μL(R)
− Ec (cf. Fig. 2). In the case of a perfectly symmetric molecular wire
(where ηc = 1/2), it reads
ΔErs = ΔEs + (∣e∣V/2) (δr,L − δr,R ),

(12)

(8)

is satisfied. In Eq. (8), Δs = |e|V (ls /l) is the energy drop between the
identical neighboring chain units caused by the bias and
S(N) = (

⎡
⎤
1
1
1
⎢
⎥
⎥
)⎢
−
π
3π
⎢
N + 1 ⎣ 1 − cos ( N+1 ) 1 − cos ( N+1 ) ⎥
⎦

⎡
⎤
1
⎢
⎥
⎥
×⎢
⎢ cos ( π ) − cos ( 2π ) ⎥
⎣
N+1
N+1 ⎦

(9)

is the function that controls an impact of the chain length on the
applicability of the model of the delocalized MOs even though V ≠ 0.
Its numerical values (Table II) are the same for any linear chain with
one frontier orbital per chain unit. Inequality (8) specifies the conditions under which the uniform profile is preserved, and the energies
of delocalized MOs are given by Eq. (6). Therefore, substituting the
Eν from this expression into the ∏Nν=1 [1/(E − Eν )], one derives (see
also Refs. 50 and 58)
G1N (E) = (−1)N−1 ts−1

sinh [β(ε)/2]
.
sinh [(N + 1)β(ε)/2]

AIP Advances 9, 115120 (2019); doi: 10.1063/1.5124386
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(10)

FIG. 2. Position of the transmission energy ε = E − E c with respect to the “center of
gravity” of electronic density distributed over the delocalized HOMOs of the alkane
chain. When tunneling energy E enters in energy window μL ≥ E ≥ μR , then the
ε varies between the principal transmission gaps ΔE Rs and ΔE Ls . Quantity ΔE
= E − E H is the energy distance between tunneling energy and the HOMO level
position E H = E c − 2t s for a long (N ≫ 1) regular chain. When E − E H ≪ 2t s , then
quantity ΔE can be treated as the height of the rectangular barrier.
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where ΔEs = EF − Es is the unbiased gap [EF = μL(∣V=0) = μR(∣V=0)
is the energy of the unbiased Fermi level]. The specific property of
Eq. (11) is that the dependence of the integrand on V is contained
only in the edge width factors Γ1(N) (ε − ΔE0(N+1)c ). In these factors,
the energy differences ΔE0(N+1) = E0(N+1) − Ec determine the offsets
of orbital energies of terminal units, E0 = E∗ − |e|V η∗ and EN+1 = E∗
− |e|V (1 − η∗ ), with respect to the energy position of the center of
delocalized electron density Ec (cf. Fig. 2). Quantity E∗ is their zerobias position, while η∗ = lc /l is the terminal’s voltage division factor.
Main dependence of the conductance on the number of chain units
N is concentrated in the chain attenuation function,
Φ(β(ε), N) =

sinh2 β(ε)
,
sinh [(N + 1)β(ε)/2]
2

(13)

which is equal to unity at N = 1 and, thus, is especially convenient
for the quantitative description of superexchange decrease in the
tunneling conductance with increasing number of repeating wire
units.37 Quantity
√
β(ε) = 2 ln [ε/2ts + (ε/2ts )2 − 1]
(14)
is the attenuation factor in the modified superexchange model. [In
the standard superexchange model, we get β(ε) in form (17) valid at
condition (16); thus, the modification is that there is no restriction
on the ratio ε/2t s .]
Equations (11)–(14) are the basic to derive analytic expressions for the tunneling current and the conductance. At nonresonant
tunneling, the β(ε) is a real value if only
ε/2ts > 1

(15)

or, what is the same, E > EH = Ec + 2t s (cf. Fig. 2). Note here that
McConnell’s superexchange model works at the condition
(ε/2ts )2 ≫ 1

(16)
35,36

and brings to attenuation factor in the form
β(ε) = 2 ln (ε/ts ).

(17)

In this paper, the situation is considered at which the voltage bias
is such that the orbital energies of terminal units remain below EH
and, thus, do not enter in the transmission window (ΔELs , ΔERs ).
Therefore, the edge width factors Γ1(N) (ε − ΔE0(N+1)c ) exhibit a weak
dependence on V. As a result, for the conductance g = ∂I/∂V, one
derives
g≃

g0
Γ1 (ΔEr0 )ΓN (ΔErN+1 )
Φ(βr , N)
∑
2 r=L,R
ΔErs2

(18)

where g 0 = |e|i0 ≈ 77.4 μS is the quantum unity conductance. The
voltage dependence of the g = g(V) is contained in principal transmission gaps ΔErs , Eq. (12), as well as in the terminal transmission
gaps ΔEr0(N+1) = μr − E0(N+1) , which for symmetrical wires appear as
ΔEr0 =ΔE∗ + ∣e∣V[η∗ δr,L − (1 − η∗ ) δr,R ] ,
ΔErN+1 =ΔE∗ − ∣e∣V[η∗ δr,R − (1 − η∗ ) δr,L ].

(19)

Here, ΔE∗ = EF − E∗ is the unbiased terminal gap. In function
Φ(βr , N), the attenuation factor βr is specified by Eq. (14), in
which ε = ΔErs .
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III. RESULTS AND DISCUSSION
As an example of applying the theory to the analysis of experimental data, we considered nonresonant tunneling conductance in
the terminated n-alkane chains. In line with quantum-mechanical
calculations8,59,60 and experimental data,61 energy of the highest
occupied molecular orbital (HOMO) of alkane chain is closer to the
electrode’s Fermi level compared to the energy of the lowest unoccupied molecular orbital (LUMO). Therefore, the tunneling conductance of the chain is mainly caused by the virtual departure of
electrons from double-filled localized orbitals or, what is the same,
the virtual arrival of holes in the same orbitals. There are many
different superexchange pathways in alkanes.62 Among them, the
dominant pathway is associated with the overlap of the wave functions of the neighboring C–Cσ orbitals. This is supported by the fact
that in the HOMO the electron density is concentrated mainly on
N(= n − 1) C–Cσ bonds.8,59,60 (In the LUMO, the electron density
is largely located at the C atoms.8 ) As to the terminal units, they
are anchored to the electrodes through the groups SH, NH2 , and
COOH. It is assumed that the lone pairs of atoms S, N, and O bind
preferably to uncoordinated gold adatoms, thereby providing a coupling between the terminal wire units and the corresponding gold
atoms.63–66 The lone pairs of sulfur and nitrogen atoms can also form
the hybrids with the surface gold atoms,47,64 thus facilitating conductance of the wire. In the considered wires X–(CH2 )n –X, the dominant superexchange pathway of coherent charge transfer is based
on the virtual participation of localized orbitals belonging to terminal units, as well as the HOMOs, which mainly formed from C–Cσ
bonds. Therefore, in the framework of the tight-binding picture of
the tunneling process, the chain on-site energies Ek and the site-tosite couplings t s are mainly associated with the C–Cσ bonds.37,38,67
In accordance with the quantum-chemical calculations,59,60 the couplings of lone pairs to the C–Cσ bonds do not have a significant effect
on the electron density distribution along the alkane chain, and thus
there is little mixing between the wave functions of the terminal units
and the internal wire units (attributed to the alkane chain). This
means that the condition for obtaining Eq. (11) is assumed to be
fulfilled.
To clarify the physics of tunneling electron transmission in the
terminated linear molecular chains, we compare theoretical results
with experimental data on the low and high tunneling conductance of symmetrical molecular wires in which alkane chains were
attached to gold electrodes using three types of anchor groups.26
The experiment, which is analyzed in this paper, covers the ohmic
tunneling and gives the numerical values of only two quantities,
the near zero-bias pre-exponential factor A and the attenuation factor β = βN (the symbol N is added to β to emphasize the fact of
attenuation per one chain unit). The theory allows us to express
factors A and βN through the parameters of a modified superexchange model and thus, to clarify the features of formation of the
tunneling transmission. Along with the experimental data, we use
strict relations between the parameters of the model. Additionally,
semiphenomenological and quantum-mechanical estimates of the
parameters are taken into account. Particular attention is paid to
the control of conductance by anchor groups. The control is carried out in two ways. One way is associated with the coupling of
terminal units to the end units of the alkane chain and additionally
with the physical or chemical contact of the terminal units with the
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surface atom/atoms. This is reflected in the magnitude of site-to-site
coupling t ∗ and width parameter Γ∗ (cf. Fig. 1). The second controlling mechanism is determined by the position of the terminal on-site
energies E∗ − |e|Vη∗ and E∗ − |e|V (1 − η∗ ) (cf. Fig. 2), relative to
the chemical potentials of the electrodes [through the gaps (19)].

is the zero-bias conductance of the symmetric molecular wire with
the extended terminal units X̃ bridged by the only interior C–C
bond (two CH2 groups). Since the function Φ(βN , Ñ) is proportional to exp[−βN (Ñ − 1)] for Ñ ≥ 3, then according to formula (23),
conductance behavior manifests itself in the form
g ≃ ÃCH2 e−βN n ,

A. Near-zero bias tunneling conductance
Studies of the dependence of the tunneling current and conductance with the length of n-alkane chains anchored to the electrodes
with dithiol, diamine, and dicarboxylic-acid linker groups show that
the ohmic transmission regime is hold at |V| ≤ 0.4 V.26 In the
ohmic tunneling regime, the conductance is practically independent
of voltage bias. In accordance with Eq. (18), this yields
g ≃ gu Φ(βN , N),

(N = n − 1 ≥ 1) ,

(20)

where βN = β(ε = ΔEs ) is the zero-bias attenuation factor (per unit
C–C) and
gu ≡ g∣N=1 = g∣n=2

(21)

is the zero-bias conductance of the symmetric molecular wire with
one C–C bridging unit (two CH2 groups). In this quantity, the
contact characteristics are concentrated in the factor
√
(22)
λ = gu /g0 = Γe /ΔEs ,
which is the ratio between the edge width factor Γe = Γ1 (ΔE∗ ) =
ΓN (ΔE∗ ), Eq. (5), and the unbiased principal transmission gap ΔEs .
The chain attenuation function Φ(βN , N), Eq. (13), is not
proportional to exp(−βN N). However, if exp[−(N + 1)βN ] ≪ 1, then
Φ(βN , N) ≃ (1 − e−2βN )2 e−βN (N−1) .

(23)

In the alkane chain where βN > 0.75, form (23) is fulfilled with high
accuracy already for N = n − 1 ≥ 3. Thus, the modified superexchange model shows that one can analyze the conductance of the
n-alkane wires with the use of simple expression
g ≃ ACH2 e−βN n , (n = N + 1 ≥ 4) ,

(24)

if only the number of CH2 groups in a chain is at least 4. At the same
time, the correspondence between the pre-exponential factor ACH 2
and the superexchange factor g u is established by the relationship
ACH2 = 4gu sinh2 βN .

(25)

From a physical point of view, it follows that
Γe < Γ∗ .

scitation.org/journal/adv

(26)

Condition (26) can be violated if there is a strong chemical binding of the anchor groups X to the adjacent edge CH2 groups of the
alkane chain. In this case, the X and CH2 groups can form extended
terminal units, thus reducing the number of interior CH2 groups of
the alkane chain from n to n − 2 (or, what is the same, the number of
bridging C–C chain units from N to Ñ = N − 2). Therefore, instead
of Eq. (20), we get
g ≃ g̃u Φ(βN , Ñ) (Ñ = n − 3 ≥ 1).

(27)

g̃u ≡ g∣Ñ=1 = g∣N=3 = g∣n=4

(28)

(n = Ñ + 3 ≥ 6).

(29)

In Eq. (29), the pre-exponential factor ÃCH2 is given by expression
(25) where one has to replace g u , Eq. (21), on g̃u , Eq. (28).
As follows from the above results, analyzing the conductance
with the use of formulas (24) and (29) allows one to obtain the
numerical values of pre-exponential and attenuation factors ACH2
(ÃCH2 ) and βN , respectively. After that, in accordance with relationship (25), it becomes possible to estimate the conductance gu (g̃u ) of
the wire with one bridging unit. Finally, using general expressions
(20) and (27), obtained in the framework of the modified superexchange model, we can describe conductance of linear molecular
wires with an arbitrary number of internal repeating units.
B. Key superexchange parameters
The experimental values of attenuation and contact factors (βN
and λ, respectively) are shown in Table III. The ratio of key parameters, α, is also given there. It follows from Eqs. (14) and (17) that the
ratio is exclusively expressed through attenuation factor βN ,
⎧
⎪(1/2) exp (βN /2) , standard model ,
⎪
α ≡ ΔEs /2ts = ⎨
(30)
⎪
⎪
modified model.
⎩cosh (βN /2) ,
Expressions (22) and (30) as well as the data of Tables III and IV
allow one to discuss the mechanism of control of conductance by
terminal units. The discussion is held in parallel with the evaluation of key and contact parameters of the modified superexchange
model. Substituting ε = ΔEs into inequalities (15) and (16), one can
see that in line with the data of Table III, only inequality (15) holds.
This means that the standard superexchange model is not applicable
to describe tunneling through an alkane chain, regardless of which
of the anchor groups (COOH, NH2 , or SH) makes contact with the
electrodes. Therefore, the description below is carried out using a
modified superexchange model. It was shown above that it was this
model that allowed us to indicate at which length of an alkane chain
one can use simple formulas (24) or (29) to analyze the experimental
data.
If one knows the numerical value of at least one of the key
superexchange parameters, then using the relationship between
them, Eq. (30), it becomes possible to find the numerical value of
TABLE III. Factors βN and λ as well as calculated ratio α in the standard (stnd) and
modified (mdf) superexchange models.

Expt.

High conductance

Low conductance

βN
Λ

0.813
0.043

0.817
0.105

1.02
0.334

0.77
0.013

0.88
0.028

1.08
0.186

α stnd
α mdf

0.75
1.08

0.75
1.09

0.83
1.13

0.73
1.08

0.78
1.10

0.86
1.15

Linker

COOH

NH2

SH

COOH

NH2

SH

Here,
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TABLE IV. Magnitude of the key parameters of the modified superexchange model,
ΔE s and t s , the corresponding barrier parameters ΔE 0 and m∗ (in elementary electron mass me ), as well as the calculated contact parameters (all energy values
in eV).

High conductance

Low conductance

ΔEs
ts

6.50
3.00

6.20
2.86

6.00
2.65

6.50
3.02

6.20
2.82

6.00
2.61

ΔE0
M∗/me

0.50
0.75

0.66
0.81

0.71
0.85

0.46
0.74

0.56
0.80

0.64
0.84

Γe
Γ∗

0.27
0.40

0.65
0.80

2.20
1.50

0.08
0.25

0.17
0.50

1.11
1.00

ΔE∗
t∗

2.68
2.20

2.53
2.39

3.14
3.79

3.68
2.10

3.96
2.30

3.61
3.79

COOH

NH2

SH

COOH

NH2

SH

Linker

another parameter. One important comment to be made here. Since
according to Eqs. (14) and (30), the value of the attenuation factor
βN is determined by the ratio α, then the same value of βN can be
obtained using different pairs of key parameters ΔEs and t s satisfying the following equation: ΔEs = 2t s cosh(βN /2). Our choice of key
parameters is based on the fact that for the alkanedithiol molecules
forming the self-assembled monolayers on the polycrystalline gold
substrate, the principal zero-bias gap ΔEs is estimated at 6.3 eV and
accordingly t s ≈ 2.78 eV.37,39 The value of 6.3 eV follows from the
condition that no resonance peaks are observed out to 1.5 V.19 As
for t s , its value is close to the calculated values of 2.74 eV and 2.5 eV,
which characterize coupling t C–C between the nearest carbon atoms
in graphene68 and aromatic ring,69,70 respectively.
From Table III, it follows that the increase in the superexchange
attenuation factor βN happens in parallel with the increase in contact factors λ, Eq. (22). This directly indicates that anchor groups
affect the key superexchange parameters t s and ΔEs . To understand
the physical reason for such an effect, we note that the experimental data were obtained under conditions where the anchoring sulfur
atoms are chemically linked to both left and right electrodes. The
alkane chain is thus in a more stretched position compared to when
the chain is attached to the substrate on one side only. This should
lead to a smaller magnitude of t s compared to 2.78 eV. At the same
time, the t s is waited to be higher if the COOH groups are used
as linkers. This is due to the fact that COOH groups do not form
chemical bonds with the surfaces of the electrodes but have only
physical contact with them. Thus, the structure of the alkane chain
anchored to the electrode via COOH linkers is close to the structure of free chain. Therefore, the distance and orientation between
the localized σ-orbitals of the neighboring C–C bonds are optimal,
which leads to a higher possible value of the parameters ΔEs and
t s . When the alkane chain is stretched due to the chemical binding of anchor groups to the electrodes, the overlap between the
noted σ-orbitals decreases, resulting in a decrease in the parameter t s and, to a lesser degree, the parameter ΔEs . This circumstance
is reflected in Table IV, which shows that t s (COOH) > ts (NH2 )
> ts (SH) and ΔEs (COOH) > ΔEs (NH2 ) > ΔEs (SH). The alteration
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of the key superexchange parameters leads to an alteration of the
ratio ΔEs /2t s and, according to relation (30), the attenuation factor
βN . Thus, there is a complete correlation between the increase in α
and βN and the increase in the binding strengths of the anchoring
groups COOH, NH2 , and SH on electrode’s surface. This explains
the dependence of the βN on the types of anchor groups presented
in Table III.
C. Apparent tunneling barrier
In the case of the alkane chains, the modified superexchange
model leads to the ratio α, Eq. (30), which only slightly exceeds
identity. Therefore, one can set α = 1 + ΔE0 /2t s , where
ΔE0 = ΔE∣V=0 = ΔEs − 2ts

(31)

is the zero-bias energy difference between the tunneling energy
E ≃ EF and HOMO-level energy EH (cf. definition ΔE in Fig. 2). Since
condition
ΔE0 ≪ 2ts
(32)
√
is satisfied, then βN ≈ 2 ΔE0 /ts . Now, following the approach which
was used to study the donor-acceptor electron transfer through proteins71 and tunneling across a molecular wire,37 we can introduce
the effective electron mass,
m∗ = h̵2 /2ts ls2 .
This yields exp[−βN (N − 1)] = exp(−βB d), where
√
̵ 2m∗ ΔE0
βB = (2/h)

(33)

(34)

−1

is the attenuation factor (in Å ) in the barrier model. In an alkane
chain, the d = ls (N − 1) is attributed to the distance (in Å) between
edge’s C–C chain units k = 1 and k = N (or k = 2 and k = N − 1, if the
edge CH2 groups are included in the structure of extended terminal
units). It follows from Eq. (34) that the ΔE0 can be referred to the
height of the apparent zero-bias rectangular barrier of width d. We
note, however, that such an interpretation is possible provided that
the specific condition, Eq. (32) is satisfied.
Quantum-mechanical estimations of the zero-bias gap between
the HOMO and the Fermi level (in our notation ΔE0 ) are a very difficult problem. Meanwhile, even a change of the gap of 0.1 eV can
vary the conductance by a factor of 5.55 Therefore, when analyzing
an experiment using the attenuation factor in form (34), the barrier
height ΔE0 is considered as a fitting parameter. The same applies
to zero-bias principal gap ΔEs = EF − Ec∣V=0 = ΔELs∣V=0 = ΔERs∣V=0
(cf. Fig. 2). The concept of a rectangular tunneling barrier is maintained as long as condition (8) is satisfied and thus, the applied
voltage does not destroy the delocalization of chain orbitals (C–Cσ
orbitals in the alkane chain). Assuming ζ = 0.2, which well enough
guarantees the applicability of the theory, one can see (cf. Fig. 3) that
under the ohmic regime of nonresonant tunneling, the delocalization of the C–Cσ orbitals is conserved independently of the types
of anchor groups. Therefore, a rectangular barrier can exist even at
V = 0.4 V, if only the number of CH2 groups in the alkane chain
does not exceed 20. In the larger bias region, the collapse of delocalization occurs at much less number of bridging units. For instance, at
V = 2 V, the delocalization is broken at N ≥ 4 (see the inset in Fig. 3).
The numerical values of the barrier heights and effective masses are
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with the gold surface, are not too strong as Au–S contact. For
carrying out rough estimates, we assume that Γ∗ (SH): Γ∗ (NH2 ):
Γ∗ (COOH) ≈ 1:0.50:0.25. Width parameter Γ∗ strongly depends on
the large variability to the anchor-electrode contact geometry7,16,55
and, thus, we use Γ∗ as a fitting parameter, setting Γ∗ (SH) = 1.5 (1.0)
eV for the high (low) conductance. Now, using expression (5) and
taking into account inequality (Γ∗ /2ΔE∗ )2 ≪ 1 which is valid for
near zero-bias tunneling, we arrive at the relation
t∗ /ΔE∗ ≃ (Γe /Γ∗ )1/2 .

(36)

If the value of transmission gap ΔE∗ is known, then relation (36)
allows us to estimate the coupling t s of terminal units X to the adjacent edge units of the alkane chain. For linkers SH, NH2 , and COOH,
the gaps ΔE∗ are less than the principal transmission gap ΔEs but
FIG. 3. The lengths of alkane chains in which the voltage bias V does not destroy
the delocalization of HOMOs formed from N C–Cσ bonds.

given in Table IV. These values are determined by key parameters
of the modified superexchange model via relations (31) and (33).
However, the use of parameters ΔE0 and m∗ instead of ΔEs and t s
is possible only if condition (32) is fulfilled, under which the ratio
(30) does not exceed 0.2. Note that the obtained barrier heights do
not exceed 1 eV, which is qualitatively consistent with the results
obtained in some experiments (see, for example, the discussion in
Ref. 19) and quantum-mechanical estimations.22 For the effective
mass of about 0.8 me , it corresponds to a “heavy” hole mass in the
valence (HOMO) band.72
D. Contact parameters
After evaluating the key superexchange parameters ΔEs and t s ,
the values of which are given in Table IV, it becomes possible to
estimate the edge width factors. To do this, note that according to
Eq. (22),
Γe = λΔEs .

(35)

Therefore, with the use of experimental data for λ given in Table III,
we come to the possible magnitude of the edge width factor Γe .
In accordance with definition (5), the factor Γe is proportional to the width parameter Γ∗ characterizing the broadening
of the orbital energy of the terminal unit [cf. Eq. (5)]. Therefore,
the greater the binding strength, the greater the Γ∗ , and with it,
Γe . This is in complete accordance with the previously made conclusion.26 To estimate the Γ∗ , let us not that in accord with the
quantum-mechanical studies, the Au s-orbital and the N lone pair
form an antibonding hybrid orbital,64 which can be associated with
the HOMO of wire’s terminal unit. It is known that the S–Au bond
is stronger than the Au–N bond.73 Therefore, a similar hybridization also becomes possible between Au and S atoms.47 Using the
News-Anderson model,74 we obtain the following expression for the
2
broadening of Au–S HOMO: Γ∗ ≈ (1/2)tAu-S
/tAu-Au . (Factor 1/2
supposes that the weights of Au and S atomic orbitals are approximately equal to each other in the hybrid Au–S HOMO.) Considering that Au–Au and Au–S couplings are equal, respectively,
to t Au–Au ≈ 2.65 eV and t Au–S ≈ 2.00 eV,47 one can see that the
broadening of energy level associated with the SH linker is Γ∗ (SH)
≈ 1.5 eV. The Au–N contact and even more the contact of COOH
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FIG. 4. High (a) and low (b) near zero-bias conductance of X–(CH2 )n –X molecular wires with different anchor groups X. The point symbols represent the data
adopted from the experiment plots26 as well as from theoretical calculations performed with the parameters presented in Table IV following Eq. (18). The theory
predicts a deviation from purely exponential behavior for short alkanes anchored
by NH2 and especially SH groups. Deviations may be large for the bridging chains
with βN < 0.6.
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exceed the HOMO-Fermi level gap ΔE0 . This follows from the fact
that energies of the lone pair orbitals localized on the sulfur and
oxygen atoms are positioned above the orbital energy of the C–C
bond.60 The precise magnitude of gap ΔE∗ is unknown, and therefore we take this as the fitting parameter. The data on the parameters,
which in the framework of the modified superexchange model characterize the high and low conductance of terminated alkane chains,
are presented in Table IV. The data show that for linker SH, the edge
width factor Γe is so great that condition (26) is not fulfilled. Thus,
there is reason to assume that the chemical bonding of the anchor
sulfur atom with the gold electrode can bring to the formation of the
hybrid Au–S–C structure and, thus, to expand terminal units from
Au–S to Au–S–CH2 . Under this situation, the number of interior
CH2 units in the wire S–(CH2 )n –S decreases and the wire itself can
be represented as the (S–CH2 )–(CH2 )n−2 –(CH2 –S) structure. The
conductance of such a structure, a regular range of which includes
only n ≥ 6 CH2 groups (or, equivalently, N ≥ 5 C–C bonds), is given
by Eq. (29).

ARTICLE

of α2 ≫ 1, whereas for the application of the modified model, it
suffices to comply with the inequality α > 1. Therefore, a modified
superexchange model has a much wider area of its applicability. The
capabilities of the model were demonstrated when analyzing the tunneling conductance of molecular wires comprising n-alkane chains
anchored to electrodes by COOH, NH2 , and SH linkers.
Among the results of general physical significance, we note the
following:
1.

2.

E. Compliance with experimental results
Figure 4 shows that the experimental point symbols well reflect
an exponential decrease in conductance, described by formulas (24)
and (29). However, more accurate formulas (20) and (27) assume
the deviation from the exponential law at n < 4 and n < 6 for linkers
COOH (NH2 ) and SH, respectively. The same conclusion follows
from the general formula of the modified superexchange model,
Eq. (18), which, under the ohmic regime of an electron tunneling
transmission, reduces to forms (24) and (29). Deviation from the
exponential behavior for short bridging chains means that, generally, if the conductance is analyzed with expression g = A exp(−βd),
where β = βN ls−1 , then the magnitude of the pre-exponential factor
for a short bridging chain has to differ from the magnitude that is
determined via approximation A = g |d→0 . For the terminated alkane
chain, this conclusion follows directly from asymptotic formula (23)
if one takes into account the fact that d = ls (N − 1) = ls (n − 2) (at
n > 4) and d = ls (Ñ − 1) = ls (n − 4) (at n > 6) are the tunneling distances within the interior range of wires with the anchors X = COOH
(NH2 ) and X = SH, respectively. Thus, a pure exponential attenuation can appear if only the minimal width of the rectangular barrier
is d ≥ 3ls . For short alkane chains with βN > 0.75, the deviation
of attenuation from the exponential one is not large. However, for
bridging chains, where βN < 0.6, the deviation can be appreciable.
IV. CONCLUSION
The main goal of this work was to elucidate the features of
the physical mechanisms controlling the formation of a bridgemediated tunneling transmission. In a molecular nanowire, such a
control is regulated by the energy and structural properties of terminal and interior units of the wire as well as the interface. The experimental results were analyzed using a modified superexchange model.
The model makes it possible to obtain analytical formulas that have
well-defined areas of applicability. Unlike the standard (McConnell)
superexchange model, the modified model has fewer restrictions on
the ratio α = ΔEs /2t s between its key parameters ΔEs and t s . As
follows from inequalities (15) and (16) with ε = ΔEs , the standard
model can describe nonresonant conductance under the condition
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3.

Our studies lead to the conclusion that the results obtained
in the framework of the standard (McConnell) superexchange
and the flat-barrier (Simmons) models follow as different
limiting cases from the modified superexchange model. For
instance, the decay coefficients (17) and (34) appear as the limiting values of the attenuation factor (14). This conclusion can
be assigned to a new and important result, which, as to our
knowledge, has not been previously reported.
The estimates show that the standard superexchange model
can be used if α2 > 10. This inequality is realized at βN > 3.7.
As to the flat-barrier model, its application is restricted by the
range 1 < α < 1.2 so that the model works at βN < 1.2. Physically,
the difference in the domains of applicability of the models
is due to the fact that the barrier model reflects a participation of delocalized virtual orbitals of the bridging chain, whose
energy is not too far from the Fermi levels (i.e., at ΔE ≪ 2t s , see
Fig. 2). In contrast, the standard superexchange model involves
the participation of localized or weakly delocalized virtual
orbitals with energies positioned far from Fermi levels (i.e., at
ΔE ≫ 2t s ). Thus, both models have specific strictly different
areas of applicability. The modified model does not have such
limitations. It works at βN > 0 and thus, can be applied to analyze the tunneling conductance of molecular wires containing
the bridging chains not only with saturated but also with unsaturated bonds. This is a new result concerning the application
of the physical models to analyze the experimental data.
From a practical point of view, an important result is a general
analytical formula [Eq. (18)]. It allows analyzing the tunneling conductance of a terminated linear wire under conditions
when the voltage bias does not destroy the delocalization of the
orbitals belonging to the interior range of the wire (i.e.,
the chain of N repeating units). With a small voltage bias,
the general formula goes into simpler formulas (20) and (27).
The latter have the corresponding asymptotic expressions (24)
and (29), in which the factors A(Ã) and βN are expressed in
terms of the parameters of the superexchange model. All formulas have strictly fixed limits of applicability and are therefore particularly convenient for processing experimental data.
For alkane chains, the gaps ΔEs = ΔEc∣V=0 and ΔE0 = ΔE|V =0
are defined as the distance between the energy of Fermi level
(EF ) and energy position of the corresponding localized C–Cσ
orbitals (Es = Ec∣V=0 ) and the delocalized HOMO (EH ), Fig. 2,
while t s characterizes the coupling between adjacent repeating C–C units, Fig. 1. As follows from the data of Table III,
the estimation of the conductance with the use of the standard
superexchange model brings to inequality α < 1, which contradicts condition α2 ≫ 1 of the applicability of the model.
This indicates that the standard model is not applicable to
the description of nonresonant tunneling through the alkane
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4.

5.

chains. In contrast, the condition α > 1 of the applicability of
the modified superexchange model is well satisfied. Based on
the experimental data on the attenuation of high and low conductance, the key parameters of the modified superexchange
model are estimated as well as the parameters characterize the
contact of wires X–(CH2 )n –X with electrodes through anchor
groups COOH, NH2 , and SH (Table IV). Moreover, bearing in
mind the fact that α = 1 + κ and κ = ΔE0 /2t s ≪ 1, it becomes
possible to introduce the key parameters of the barrier model
ΔE0 and m∗ , Eqs. (31) and (33), respectively. Magnitudes of
these parameters are also presented in Table IV.
Once more important property of the modified superexchange
model is that the model shows a deviation of conduction attenuation from the exponential law for short bridging chains. This
conclusion follows from the fact that the chain attenuation
function, Eq. (13), manifests its exponential behavior, Eq. (23),
only if the number of chain units exceeds a certain value. This
deviation is not large for alkane chains, but it could be well
noticeable in molecular wires, where βN < 0.6.
An additional effect is associated with a possible hybridization of anchor groups and adjacent terminal chain units, when
the extension of terminal groups becomes possible. From the
modified superexchange model, it follows that the extension
is reflected in the disarrangement of inequality (26). The estimations show that in the case of alkane chain as the bridging
structure, the extension of wire’s terminal units and, simultaneously, the shortening of the interior range of the wire
become possible if the chain is chemically anchored to both
gold surfaces by the SH linkers.

In the present work, the zero-bias conductance of molecular
wires was analyzed, which made it possible to obtain the provisional
estimates of the parameters. More accurate estimates can be made
with the use of data on the conductance of the same molecular wires
under the voltage biases that bring to deviation of a tunneling current from the ohmic regime. The modified superexchange model
also works in this case, if only αr = ΔErs /2t s = 1 + κr > 1 (r = L, R).
Dependence of the ratio αr on the voltage bias is comprised of the
principal transmission gaps ΔErs , Eq. (12). The tunneling electron
current and conductance can be analyzed with respective equations
(11) and (18). At the same time, attention should be paid to the
fact that the concept of a rectangular barrier is conserved if only the
quantity κr = κ − (|e|V/2t s )(δr,L − δr,R ) is in the interval 0 < κr ≪ 1
and, additionally, the delocalization condition, Eq. (8) is hold.
Summarizing the results, one can conclude that the modified
superexchange model can be used as an appropriate physical model
that allows us to obtain rigorous analytic results suitable for the analysis of tunneling processes in molecular wires of different origins.
In parallel, it becomes possible to clarify the physical mechanisms
of tunneling transmission in terms such as energy gaps and couplings that are more appropriate for molecular junctions than terms
of solid-state electronics (height and width of a rectangular barrier
and effective tunneling mass).
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