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Mapping the intramolecular contributions to the inelastic electron tunneling signal
of a molecular junction
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We present a quantitative analysis of the intramolecular origin of the inelastic electron tunneling signal of
a molecular junction. We use density-functional theory to study a representative conjugated molecule with a
low degree of symmetry and calculate, for all modes, the different contributions that give rise to the vibrational
spectrum. These local contributions involve products of scattering states with electron-phonon matrix elements
and thus encode information on both the vibrational modes and the electronic structure. We separate these intra-
and interatomic terms and draw a pattern of addition or cancellation of these partial contributions throughout the
inelastic spectrum. This allows for a quantitative relation between the degree of symmetry of each vibrational
mode, its inelastic signal, and the locality of selection rules.
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I. INTRODUCTION

The interaction of tunneling electrons with localized vi-
brations in molecular junctions has important implications
not only in terms of conductance but also for the stability
and dynamics of the system under an applied bias. Inelastic
electron tunneling spectroscopy (IETS) has been studied to
monitor or induce chemical reactions and conformational
changes of molecular adsorbates [1–3] or for the real-space
imaging of molecular structure [4]. In the field of molecular
electronics, vibrational spectroscopy based on IET is success-
fully employed for the chemical and structural identification
of the junction [5–13]. Compared to elastic transport, the
interaction of the tunneling electrons with vibrational degrees
of freedom enables additional channels for conductance. This
results in the appearance of peaks or dips in the second
derivative of current with respect to bias at the threshold of
mode energies [14–17]. Theoretical analyses based on ab
initio simulations of the inelastic electron tunneling process
[18–22] provide atomic-scale resolution for the study of
intramolecular contributions to the inelastic signal. Knowing
whether and how electrons interact with molecular vibrations
is not always trivial. Previous works have formulated and
explored the propensity rules governing the generation of the
inelastic signal [17,23–27]. The probability of having inelastic
scattering between an initial and a final state coming from
the left and right electrodes due to a particular vibrational
mode has been expressed in the form of a Fermi golden rule
where the deformation potential associated to the vibrational
mode couples the two states [17]. In particular, a mode is
active if the coupling between the two scattering states due to
the deformation potential is nonzero. For instance, for a CO
molecule with its rotational axis coinciding with the transport
direction, scattering channels of π symmetry would interact
only with vibrational longitudinal modes to give an inelastic
signal [26]. If only one of the left- or right-propagating chan-
nels has σ symmetry, no longitudinal modes will appear in the
IETS. These rules have successfully explained the intensity of
IETS peaks for relatively small molecules with a well-defined
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symmetry [17,25,26]. For more general molecular structures
with a low degree of symmetry, however, the application of
these propensity rules can be more involved. For these cases,
in fact, symmetry considerations should be supplemented by
an analysis of the current pathway [24]. A mode could locally
satisfy symmetry considerations yet have a low signal because
of the destructive interactions between different regions of the
molecule. Thus, a general distinction between active and dark
(inactive) modes becomes less trivial. A systematic study in
terms of local contributions for all vibrational modes provides
a powerful tool to disentangle the submolecular origin of IETS.

In this paper, we carry out such analysis and generalize the
previous approaches in a method to explore the local contribu-
tions to the inelastic signal. By taking advantage of a localized
basis set representation of the Hamiltonian and the electron-
phonon coupling matrix, we completely characterize the origin
and intramolecular contributions to the inelastic electron tun-
neling signal over the whole energy spectrum. We decompose
the total signal into the sum of intra- and interatomic contri-
butions and separate those coming from the molecule from
those associated to the metal layers. We illustrate this method
by considering a molecular junction where a conjugated ring
is anchored to gold electrodes through CH2-S-CH3 groups,
a representative example of a conjugated molecule having
metal-molecule bonds with a low degree of symmetry.

This analysis integrates vibrational and electronic structure
information to create a real-space mapping of the contributions
to all inelastic modes. This allows for the characterization
beyond the IET spectra (where the peak heights correspond
to the total signal of each mode, regardless of its individual
contributions) and the plots of vibrational modes (which do not
contain any information about the relevant scattering states).

We can then elucidate, across all vibrational modes, the
intramolecular generation of the inelastic signal for active
modes and the absence of a signal for dark modes, establishing
a connection between the intensity of the inelastic signal, the
degree of symmetry of the vibrational modes, and the locality
of inelastic propensity rules.

II. GEOMETRIES AND COMPUTATIONAL DETAILS

The elastic and inelastic transport properties of benzenes
with thiol- or amine-anchoring groups have been extensively
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FIG. 1. Front and side view of the most transmitting eigenchan-
nel. The inset shows the front and side view of the molecular junction.

studied both theoretically and experimentally [24,25,28–32].
Here we consider a more general case where a benzene ring
is anchored to Au(111) electrodes through CH2-S-CH3 linker
groups [33]. The insets in Fig. 1 show a front and side view of
the junction. Linkers bind to the Au surface through an adatom
on both sides of the junction.

We use SIESTA [34] and TRANSIESTA [35] for the structure
relaxation and the calculation of the electronic and transport
properties. We use a single-ζ plus polarization basis for gold
and a double-ζ plus polarization basis for sulfur, hydrogen,
and carbon atoms. Exchange-correlation is described with
the generalized gradient approximation (GGA) [36]. For the
calculation of the electron-phonon coupling matrix we use
the INELASTICA code [19] with the M(�) approximation [37],
which consists in calculating the electron-phonon coupling
matrix M in just one point of the Brillouin zone (�) for both
electrons and phonons.

The position of the molecule, tip atoms, and the surface
gold layers were relaxed until residual forces fell below
0.02 eV/Å. We used a k = 5 × 5 × 1 Monkhorst-Pack grid for
the calculation of the electronic structure. Eigenchannels are
calculated following the method of Paulsson and Brandbyge
[38]. Figure 1 shows a front and side view of the most
transmitting eigenchannel. The nonplanar structure of the
molecule and the presence of bulky linker groups lower the
symmetry of the scattering channel. While it locally has σ -type
symmetry on the anchoring groups, on the benzene ring it
becomes π -type. In the following we restrict our analysis
to this most conducting eigenchannel since the second-most
conducting channel has a much lower transmission (at the �

point, T1(EF ) = 1.6 × 10−4 and T2(EF ) = 1.0 × 10−7). We
reduced further the computational cost of the calculation by
applying the wide band approximation (WBA) [18,39], where
one assumes that the density of states (DOS) of both electrodes
and molecule around Fermi level is constant over the energy
range defined by the vibrational frequencies (∼400 meV).

III. RESULTS

A. Inelastic signal and local contributions

In previous works, propensity rules governing the inelas-
tic scattering of tunneling electrons in molecular junctions
[23–27] have been formulated in terms of left/right-
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FIG. 2. Inelastic signal as a function of energy. The inset shows
the high-energy part of the spectrum.

propagating scattering states and the electron-vibration cou-
pling matrix Mλ

e-ph [17]:

Rλ
FGR = 4πe

�

∣∣〈�L|Mλ
e-ph|�R〉∣∣2

= 4πe

�

∣∣γ λ
tot

∣∣2
, (1)

where λ denotes a vibrational mode. The eigenchannels can
be expressed in terms of basis functions (atomic orbitals) φn

as follows:

�L,R =
∑

n

CL,R
n |φn〉, (2)

where the coefficients CL(R)
n are calculated from the trans-

mission matrix in the basis of the eigenvectors of the left
(right) spectral functions [38]. Figure 2 shows the inelastic
rates [Eq. (1)] as a function of energy for all vibrational modes.

The low-energy part of the spectrum (below 50 meV)
is dominated by vibrational modes of the Au atoms of the
electrodes and of the metal-molecule contact [19,40,41]. The
peaks above 50 meV are associated to the adatom-molecule-
adatom complex. Figure 2 has three main peaks at 81, 153, and
202 meV. The modes at 153 and 202 meV are characterized
by the stretching of the benzene C-C bonds and the benzene-
methyl bonds, at energies close to what was found in previous
works for benzenedithiols (BDT) [31,40]. The peak at 81 meV
is characterized by the stretching of the S-C bond, while for
BDT on Au, a peak associated to an out-of-plane aryl bending
mode is found at 97 meV [31,40].

Above 365 meV we find a group of modes giving a
smaller inelastic signal. Usually, these high-energy peaks are
associated to the C-H stretching modes of the CH3 groups [12]
but, as will be shown later, more contributions have to be taken
into account to properly describe this part of the spectrum.
Using Eq. (2) we now write the (dimensionless) quantity γ λ

tot
as

γ λ
tot =

∑
m,n

CL†
m Mλ

m,nC
R
n , (3)
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FIG. 3. Comparison of the total inelastic signal (black) with (a)
the signal originating on the adatom-molecule-adatom complex only
(red) and (b) signal involving orbitals of the Au layers (blue). Arrows
indicate the peaks for which these contributions are particularly
important.

and group all the contributions according to the atoms the
orbitals belong to:

γ λ
tot =

∑
α,β

γ λ
α,β

= γ λ
1,1 + γ λ

1,2 + γ λ
1,3 + . . . γ λ

2,1 + γ λ
2,2 + γ λ

2,3 + . . . , (4)

with α,β atom indices. For example, the interatomic contribu-
tion γ λ

1,2 is given by the sum of the terms involving orbitals on
atom 1 with orbitals on atom 2. As exemplified below, we find
it useful to separate these atomic contributions into the sum of
the following two terms:

γ λ
tot = γ λ

complex + γ λ
Au layers. (5)

The first term γ λ
complex is generated on the adatom-molecule-

adatom complex. It is given by the sum of the terms involving
the orbitals of this complex only. The second term includes the
remaining contributions, which correspond to orbitals of the
Au layers only or orbitals of the Au layers and of the molecular
complex. The role of γ λ

Au layers will be discussed in Sec. III F.
Figure 3(a) shows a comparison between the total signal and

the one coming from the molecular complex alone. It can be
seen that, except for a few modes that we discuss later, γ λ

complex
is a good approximation for most of the high-intensity peaks in
the energy range between 50 and 400 meV, corroborating the
intuitive idea that IETS can be used for chemical identification.

In the following sections we drop the λ superscript from
the γ terms to alleviate the notation.

B. Cancellation pattern

In Eq. (4) the total signal is expressed as the sum of atomic
contributions. The sign and amplitude of each contribution
determines whether the final value of γtot is high (active mode)
or low (dark mode). Following Gagliardi et al. [25], we define
a cancellation parameter δ for each mode measuring how much
the different contributions on the molecular complex sum up

FIG. 4. Correlation plot of the absolute value of the sum of
contributions, the sum of the absolute values of the contributions,
and cancellation parameter δ for all vibrational modes.

or cancel each other out in that mode,

δ = 1 −
∣∣∑c

α,β γα,β

∣∣∑c
α,β |γα,β | , (6)

where the superscript c means that the sum is restricted to
the molecular complex. When δ = 1 all contributions cancel
out completely. Conversely, when δ = 0 all contributions sum
up with the same sign and no cancellation takes place. In
the expression for δ we consider the pairs of contributions
summing up to the 99% of the signal originating from the
molecular complex. This allows us to exclude from the analysis
the smaller contributions affecting the value of δ but not
γcomplex. We will come back to this point later.

We now look in detail into the addition or cancellation of
the inelastic signal in the adatom-molecule-adatom complex.
To do this, we compare the absolute value of the sum of
contributions (|∑c

α,β γα,β |) with the sum of the absolute values
of the contributions (

∑c
α,β |γα,β |). Figure 4 plots the logarithm

of the first quantity versus the second one for all 84 vibrational
modes. Notice that, for each mode, the quantity on the y

axis gives a measure of the inelastic signal |γcomplex|, while
the quantity in the x axis represents what the signal on the
molecular complex would be if all contributions were of the
same sign and added up. The color bar shows the value of
the cancellation parameter. The figure also shows three lines
corresponding to y = x, y = x/10, and y = x/100, whose
purpose is to serve as guides to the eye to give an idea of
the degree of cancellations present in each mode.

From Fig. 4 it is clear that, for most modes, there are many
cancellations taking place. In fact, only two modes in Fig. 4
(ν1 and ν2) are close to the y = x curve, which corresponds
to no cancellations. Many modes are close to the y = x/10
curve, and several modes are close to the y = x/100 curve,
where only 1% of the contributions survive to yield an inelastic
signal. Thus, for most modes, local contributions tend to cancel
each other, making the total signal substantially smaller than
the simple sum of contributions with the same sign. When
considering the cancellation parameter δ, we can identify,
despite a rather large dispersion, a general trend. Modes with
high δ give a weak signal. On the other hand, a small value
of δ is associated to a large total signal [25]. The magnitude
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FIG. 5. Inelastic signal generated on the molecular complex
γcomplex as a function of the cancellation parameter δ. The inset shows
a histogram of δ.

of the total signal also depends on the absolute values of the
individual contributions: for the same cancellation parameter
(color), larger terms (

∑c
α,β |γα,β |) can result in a larger sum

(|∑c
α,βγα,β |).

To examine the relation between the inelastic signal gener-
ated on the molecular complex and the cancellation parameter,
we plot on Fig. 5 γcomplex as a function of δ. Although there is
a clear dependence, γcomplex does not follow a simple relation
with respect to δ. Also, as shown by the histogram in the
inset, there is a strong accumulation of points (modes) close to
δ = 1, which means that most modes have a high cancellation
parameter. In this first-principles description of the molecular
junction, we find that there are many contributions, most of
which are very small. These tend to skew the histogram toward
1. δ was calculated sorting the contributions in decreasing
order and truncating them when the sum reached 99% of the
total, as mentioned in the previous section. However, even thus
removing many (very small) contributions we see that most
modes exhibit a high value of δ. Removing this truncation
and including all contributions shifts the histogram toward
δ = 1 even more. We find that this skew of the histogram is a
consequence of the realistic description (double-ζ polarized)
of the atomic basis in the calculations, where many (small)
local contributions are generated. Figure 5 shows that, for this
molecular junction, a higher inelastic signal corresponds to
a low-cancellation parameter, an intuitive result in agreement
with previous studies [25]. However, the large scatter in Fig. 5
suggests that the inelastic signal in this system can be better
characterized by some other parameter, which we introduce in
Sec. III D.

C. Real-space local contribution plots

The intra- and interatomic local contributions γα,α, γα,β to
the inelastic signal can be plotted to give a visual representation
of the contribution pattern to each vibrational mode. We
illustrate this for several modes. These modes are marked in
Fig. 4 and their properties are listed in Table I. These six
examples are representative of the different modes we find for
this system.

TABLE I. Energy, description, and symmetry parameter Sλ for
the six modes in Fig. 4.

Mode label Energy (meV) Type Sλ

ν1 202 meV Symm −0.24
ν2 142 meV Symm −0.20
ν3 185 meV Antisymm 0.29
ν4 92 meV Antisymm 0.28
ν5 384 meV Asymm 0.00
ν6 22 meV Asymm −0.03

Figure 6 shows the local contribution plots for modes ν1

(a) and ν2 (b). As seen in Fig. 4, these are active modes
and result in high-intensity peaks. The lower panels illustrate
the vibrational modes. The arrows represent the amplitudes
of the eigenvectors (vλ) of the dynamical matrix on each atom.
The top panels show a schematic of the adatom-molecule-
adatom structure depicting the local contributions of that mode.
The color of each circle (line) corresponds to the value of the
intraatomic γα,α (interatomic γα,β) element. Since nonnearest
neighbor interatomic contributions are much smaller than
nearest-neighbor ones, only the latter are represented. The
figure also quotes the cumulative contributions of each mode
[γtot, Eq. (4)] and the value of the cancellation parameter δ.
To simplify the visualization, CH3 groups are drawn as bigger
dots and with a thicker line and the contributions on the CH3

groups are summed without loss of generality.
The added value of these real-space plots of the inelastic

local contributions is that they go beyond the simple visualiza-
tion of the vibrational modes (lower panels) since they encode
information not only of the forces acting on the atoms but also
on the electronic part through the electron-phonon coupling
matrix and the eigenchannels. This convolution of vibrational
and electronic properties cannot be deduced by inspecting the
vibrational modes alone (bottom panels). For instance, from
the bottom panel of mode ν2 [Fig. 6(b)], the large arrows
on the benzene Hydrogen atoms might suggest they play an
important role in the generation of the inelastic signal. When
the distribution of the transmission eigenchannels (Fig. 1) is
taken into account, however, the role of these H atoms is
diminished and the C atoms on the conjugated ring emerge as
more relevant (top panel).

The modes in Fig. 6 are characterized by a relatively low
cancellation parameter (δ � 0.13). The real-space mapping of
local contributions shows that these add constructively in both
cases, which results in these modes having a relatively high
inelastic signal.

On the other hand, the inelastic signal for modes ν3 and
ν4 (Fig. 7) is almost zero. For both of these dark modes,
the cancellation parameter is very high (0.99 in both cases).
Analysis of the local contribution pattern reveals that the
different terms tend to cancel each other out. Notice from
scale of the color bar that the magnitude of the individual
contributions is much larger than the total sum γtot. This
pair-wise cancellation pattern prevents the modes from giving
an appreciable signal and thus we classify both modes as
dark.
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FIG. 6. Sketch of the adatom-molecule-adatom complex showing the local contributions (top panels) and visualization of the vibrational
modes (bottom panels) for active modes (a) ν1 and (b) ν2.

FIG. 7. Sketch of the adatom-molecule-adatom complex showing the local contributions (top panels) and visualization of the vibrational
modes (bottom panels) for dark modes (a) ν3 and (b) ν4.
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FIG. 8. Characterization of the degree of symmetry of vibrational
modes: standard deviation of the angles between �vλ

α and �vλ
α′ on

chemically equivalent atoms as a function of the mean angle for
each mode. The color bar shows the inelastic signal of that mode
generated on the molecular complex.

D. Characterization of vibrational modes

We now seek to establish a general connection, across
all vibrational modes, between the intensity of the inelastic
signal and the geometrical structure of the mode. For this we
consider pairs of atoms α,α′ in the molecular complex that are
structurally equivalent: both Au adatoms, the pair of S atoms,
the C atoms in both CH3 groups, and so on. For each mode
we then calculate the standard deviation of the angles θλ

α,α′

between the components �vλ
α and �vλ

α′ of the vλ vectors on these
pairs of chemically equivalent atoms:

σλ
θ =

√
1

N

∑
α

(
θλ
α,α′ − 〈θ〉λ)2

, (7)

where the sum runs over pairs of equivalent atoms on the
molecular complex, N is the number of such pairs, and 〈θ〉λ
is the mean value of the angles for a given mode. The mean
value and standard deviation thus give a measure of the degree
of (a)symmetry of the mode from the magnitude and direction
of the components of vλ on each pair of equivalent atoms.

Figure 8 characterizes the degree of symmetry of vi-
brational modes. Each point corresponds to one vibrational
mode. The color bar represents the magnitude of the inelastic
contribution generated on the molecular complex. When
〈θ〉λ � 0◦ the vectors �vλ

α and �vλ
α′ acting on the atoms are,

on average, pointing in the same direction; these modes have
a strong antisymmetric character. On the other hand, when
〈θ〉λ � 180◦, the �vλ

α and �vλ
α′ vectors acting on pair of chemically

equivalent atoms point in opposite directions; these modes
have a strong symmetric character. From the value of σλ

θ

and 〈θ〉λ we can identify three types of vibrational modes.
Around 〈θ〉λ = 0◦ and 〈θ〉λ = 180◦ there is an accumulation
of points with a low standard deviation, indicating that some
modes have a strong symmetric or antisymmetric character.
The accumulation of blue (red) data points near 〈θ〉λ � 0◦
(〈θ〉λ � 180◦) reveals a general trend where modes with
〈θ〉λ � 0◦ (〈θ〉λ � 180◦) have a weak (strong) inelastic signal.
This is highlighted by the black rectangles in Fig. 8 defined by
the small (though admittedly arbitrary) values 〈θ〉λmax = 15◦
and σλ

θ,max = 15◦.

Figure 8 shows that many modes do not have a mean angular
value close to 0◦ or 180◦. These modes also have values of
σλ

θ indicative of a large dispersion in the angles across the
different pairs of equivalent atoms in each mode. Thus, they
do not present a clear symmetric or antisymmetric character.

We find that these modes are characterized by a more
pronounced motion of the atoms on only one side of the
molecule, typically on one of the two CH3 groups. Modes
ν5 and ν6 fall into this third category and Fig. 9 shows the
associated local contribution pattern.

This analysis of the angular distribution of the vibrational
modes thus establishes a connection between the direction of
the components of vλ (eigenvectors of the dynamical matrix)
on pairs of chemically equivalent atoms and the intensity of the
inelastic signal. Modes for which �vλ

α and �vλ
α′ point, on average,

in opposite directions, tend to give a strong inelastic signal
while modes where �vλ

α and �vλ
α′ point in the same direction

are, in general, dark. However, it is worth mentioning that
many modes do not fit into either of these categories. The
inelastic signal of modes in this third category, typically modes
involving one of the two CH3 groups more than the other,
spans a wide range of values. We discussed in Sec. II B how
modes with a low (high) cancellation parameter δ resulted in
a strong (weak) inelastic signal γtot, as expected. However,
the inverse statement is not necessarily true: many modes
yielding a relatively high inelastic peak have intermediate
values of δ (0.5–0.7, Fig. 4). Modes in this third category
are usually asymmetric and thus the inelastic contributions of
one part of the molecule can only partially add to or cancel the
contributions of the other part of the molecule. This results in
intermediate values of δ and a wide range of values of γtot.

Previous works relating the intensity of the inelastic signal
to the symmetry of vibrational modes [23–25] have explored
the propensity rules for relatively simple systems with a high
symmetry. However, a more quantitative characterization of
the symmetry of all vibrational modes enables the extension
of the analysis to the more general case of complex molecular
structures with no well-defined symmetries of the modes. In
order to get further insight into the quantitative connection
between the spatial symmetry of the modes and the intensity of
the inelastic signal for a general case, we define the following
symmetry parameter for each vibrational mode:

Sλ = 1

N

∑
α

Aλ
α,α′P

λ
α,α′ , (8)

where

Aλ
α,α′ = |�vλ

α| + |�vλ
α′ |

2|�vλ|max
, (9)

P λ
α,α′ = cos(θ )

(
1 −

∣∣∣∣�vλ
α

∣∣ − ∣∣�vλ
α′
∣∣∣∣

max
(∣∣�vλ

α

∣∣,∣∣�vλ
α′
∣∣)

)
. (10)

As before, α and α′ are pairs of chemically equivalent atoms
on the molecular complex and N is the number of such pairs.
The prefactor Aλ

α,α′ in Eq. (9) measures the importance of
the α,α′ pair in the mode by scaling the vectors on those
atoms to the maximal value in the mode. Pairs with smaller
vectors in the representation of the vibrational mode (Figs. 6,
7, and 9, lower panels) will contribute less to Sλ of that mode.
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FIG. 9. Local contribution plots (top panels) and visualization of the vibrational modes (bottom panels) for asymmetric modes (a) ν5 and
(b) ν6.

The term P λ
α,α′ in Eq. (10), on the other hand, measures the

amplitude of the vibrational mode on atoms α and α′ and the
direction of these vibrations (through cos θ ). For each mode,
the quantity Sλ is the result of the weighted average over
all pairs of equivalent atoms in the adatom-molecule-adatom
complex. If, for a given mode, the movement on all pairs
were in opposite directions (cos θ = −1) and had equal
amplitudes pairwise (|�vλ

α| = |�vλ
α′ |), then the mode would be

perfectly symmetric and Sλ = −1. If, on the other hand, the
mode moved equivalent pairs of atoms in the same direction
(cos θ = 1) and with the same amplitude (|�vλ

α| = |�vλ
α′ |), the

mode would be perfectly antisymmetric and Sλ = 1. Modes
where the amplitude on one atom is different to that on
the equivalent atom (|�vλ

α| 	= |�vλ
α′ |) are neither symmetric nor

antisymmetric and result in intermediate values of Sλ between
−1 and 1 depending on how big this difference is and on how
relevant this pair of atoms is in the vibrational mode (Aλ

α,α′ ).
For the molecular system studied, we find many modes in this
third category.

Figure 10 shows the inelastic signal generated on the
adatom-molecule-adatom complex γcomplex as a function of
the symmetry parameter Sλ. First, one can notice that, for
a realistic system like the one we are considering, Sλ never
reaches ±1, which means that no mode is perfectly symmetric
or antisymmetric. Also, although the data show some disper-
sion, we can clearly see a trend in which (symmetric) modes
with a negative Sλ show a strong inelastic signal γcomplex and
(antisymmetric) modes with positive Sλ have a weak signal.
In the central part of the plot there are many modes with a low
spatial symmetry and small values of Sλ and an intermediate
inelastic signal: the local contributions from one part of the
molecular complex cannot fully add up with or cancel out the
ones in the equivalent part of the complex, yielding a relatively

low-cancellation parameter δ, small Sλ, and a nonzero inelastic
signal.

E. Breaking the symmetry of the cancellation pattern:
Activating dark modes

Our analysis across all vibrational modes shows that, for
dark modes, pair-wise cancellations on equivalent atoms of
the molecule cancel each other out resulting in a very small
inelastic signal. In this section we show how breaking the
symmetry of the cancellation pattern of a dark mode results
in the activation of the mode. We focus on a flat region of the
spectrum where there is no signal and focus on the dark mode

FIG. 10. Inelastic signal γcomplex as a function of the symmetry
parameter Sλ.
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FIG. 11. Gradual activation of a dark mode ν3. (a) Real-space
mapping of the local contributions on the molecular complex for
mode ν3. The polygon defines the region where the electron-phonon
matrix elements are gradually quenched. (b) Inelastic rates Rλ

FGR for
four different values of the parameter μ. The curves have been shifted
vertically for clarity.

ν3 where the cancellation pattern leads to a δ value close to 1
and Sλ = 0.29 (Table I).

We gradually switch to zero the electron-phonon coupling
matrix elements in Eq. (1) and compute the changes in the
inelastic spectrum. We do this by introducing a parameter
μ, which multiplies the electron-phonon coupling matrix
elements of three of the benzene C atoms [Fig. 11(a)]. Initially,
μ = 1, there is no perturbation [black curve, Fig. 11(b)]
and the mode is dark. As the value of μ is decreased, the
electron-phonon elements of these C atoms are quenched.
The cancellation pattern is progressively broken and a peak
emerges from the formerly dark mode [Fig. 11(b)]. This acti-
vation of a dark mode, illustrated here for the antisymmetric
mode ν3, can be applied to any other mode.

F. High-energy modes: Role of metal-molecule coupling

As we discussed, considering only the inelastic contribu-
tions generated in the adatom-molecule-adatom complex is a
good approximation for most vibrational modes [Fig. 3(a)].
However, there are exceptions where including the contribu-
tions from the Au layers is necessary, such as the modes around
170, 368, and 381 meV.

Here we focus on the two modes that give the highest
inelastic signal (at 368 and 381 meV) and use a similar analysis
to study the role of the Au surface atoms in the intensity of these
high-energy modes. These modes are characterized by the
movement of the CH3 groups (Fig. 12). Due to the proximity to
the Au surface layers, the movement defined by the vibrational
modes results in a modulation of the electronic coupling

FIG. 12. Visualization of the vibrational modes at (a) 368 meV
and (b) 381 meV.

between CH3 and surface layer orbitals. As a consequence,
contributions involving Au surface atoms are relevant for these
high-energy peaks.

For each mode we identify which surface atoms gives the
strongest contributions to the inelastic peaks. We calculate the
contribution of atom α as the sum:

γα = γα,α +
∑

β,β 	=α

(γα,β + γβ,α), (11)

where we include both rows and columns in the electron-
phonon coupling matrix (γα,β , γβ,α) to account for all inter-
actions derived from atom α. This ensures that the values
of Eq. (11) corresponding to different atoms are comparable.
In Figs. 13(a) and 13(b) the Au surface atoms, which give
the strongest contributions for these modes, are highlighted
in blue. The terminal S-CH3 fragments of the molecule are
shown for clarity. As before, we calculate the inelastic signal
gradually quenching the electron-phonon coupling matrix
elements of the Au atoms highlighted in blue in Fig. 13 through
the μ parameter. μ = 1 represents the initial situation [no
perturbation, black curve in Fig. 13(c)], while μ = 0 (blue
curve) corresponds to the case where these matrix elements
have been completely switched off. The peaks at 372 and
386 meV, which are given mostly by the contributions on
the molecular complex, remain unchanged in the process.
As the value of μ is decreased and the contributions from
these selected Au atoms are quenched, the peaks at 368 and
381 meV are significantly reduced. Notice that the vibrational
modes do not involve movement of Au surface atoms as
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FIG. 13. View of the bottom (a) and top (b) Au surface layers and
terminal S-CH3 groups. The Au atoms with the largest contributions
to the modes at 368 and 381 meV are highlighted in blue. (c) Inelastic
rates Rλ

FGR obtained by gradually quenching the contributions coming
from these surface atoms highlighted in blue.

they are not included in the dynamical region. Instead, these
atoms contribute through their electronic coupling to the CH3

groups. This exemplifies the usefulness of this analysis as it
allows for the identification of specific surface atoms giving
the most important contributions to the high-energy modes and
to quantify their contribution.

IV. CONCLUSIONS

We have presented an approach to explore the origin and
intramolecular contributions of the inelastic tunneling signal of
molecular junctions. In a local-orbital picture, we decomposed
the total signal by grouping the different terms according to
the atoms involved in each contribution. We carried out this
study using DFT and analyzed all 84 vibrational modes of a
representative benzene-based molecular junction with a low
degree of symmetry.

These local contributions that make up the inelastic signal
combine the information on the electronic structure present in

the scattering channels with the geometric information of the
vibrational modes and open the way to a series of results on
the complex pattern behind the generation of IETS signal. The
real-space representation of the local inelastic contributions
allows for the mapping of the contribution of each atom and
bond to every vibrational mode. Not surprisingly, modes where
different contributions add up with the same sign result in a
strong signal, while modes where these contributions cancel
each other out result in dark modes. For this generic molecule,
however, we find that in most modes there is a large number
of (partial or total) cancellations between the different local
contributions. By studying on the contributions of chemically
equivalent atoms, we could identify a pattern of pair-wise
additions or cancellations leading to a quantitative connection
between the symmetry of the vibrational mode and the strength
of the inelastic signal. Modes where chemically equivalent
atoms move in opposite directions (symmetric modes) are
active while those where chemically equivalent atoms move in
the same direction (asymmetric modes) are dark. However, for
the generic molecule studied, many modes do not have a clear
symmetry and it was necessary to develop a new parameter
Sλ to quantify the degree of symmetry of the mode. This new
symmetry parameter shows a clear relation with the intensity of
the inelastic signal. Finally, we illustrated how this analysis can
identify the most important atoms contributing to IETS peaks
and showed examples of how perturbing the local contributions
by gradually quenching the electron-phonon matrix elements
can change the IETS signal. In one example this quenching
leads to the activation of a dark mode, while in the other exam-
ple it leads to a decrease of the inelastic signal. In summary,
the analysis of the local contributions provides a quantitative
relation of the degree of symmetry of vibrational modes and
their inelastic signal, a real-space picture of the pattern of
addition and cancellation of local contributions and opens the
way to the controlled modification of the inelastic spectrum.
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