
2060

Adsorbate-driven cooling of carbene-based
molecular junctions
Giuseppe Foti* and Héctor Vázquez*

Full Research Paper Open Access

Address:
Institute of Physics, Academy of Sciences of the Czech Republic,
Cukrovarnicka 10, Prague, Czech Republic

Email:
Giuseppe Foti* - foti@fzu.cz; Héctor Vázquez* - vazquez@fzu.cz

* Corresponding author

Keywords:
adsorbate; carbene; current-induced heating and cooling; molecular
junction; vibrations

Beilstein J. Nanotechnol. 2017, 8, 2060–2068.
doi:10.3762/bjnano.8.206

Received: 21 June 2017
Accepted: 07 September 2017
Published: 02 October 2017

Associate Editor: J. M. van Ruitenbeek

© 2017 Foti and Vázquez; licensee Beilstein-Institut.
License and terms: see end of document.

Abstract
We study the role of an NH2 adsorbate on the current-induced heating and cooling of a neighboring carbene-based molecular

circuit. We use first-principles methods of inelastic tunneling transport based on density functional theory and non-equilibrium

Green’s functions to calculate the rates of emission and absorbtion of vibrations by tunneling electrons, the population of vibra-

tional modes and the energy stored in them. We find that the charge rearrangement resulting from the adsorbate gates the carbene

electronic structure and reduces the density of carbene states near the Fermi level as a function of bias. These effects result in the

cooling of carbene modes at all voltages compared to the “clean” carbene-based junction. We also find that the direct influence of

adsorbate states is significantly smaller and tends to heat adsorbate vibrations. Our results highlight the important role of molecular

adsorbates not only on the electronic and elastic transport properties but also on the current-induced energy exchange and stability

under bias of single-molecule circuits.
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Introduction
Molecular electronics has experienced a remarkable progress

since its first proposal [1]. Theoretical as well as experimental

advances have made it possible to achieve a detailed under-

standing of the main factors governing single-molecule trans-

port [2-4]. Recently, energy-exchange processes between

tunneling electrons and vibrational degrees of freedom have

been considered. Understanding heat generation and dissipation

in the molecular junction is particularly relevant for the stability

of molecular circuits under bias [5-10]. However, simulations of

single-molecule studies have usually assumed rather idealized

conditions with “clean” junctions in which no molecular species

other than the conducting molecules are considered. STM

break-junction measurements are often carried out in solution,

where, in addition to target molecules, solvent molecules are

also present [11-16]. The presence of contaminants that might

diffuse on the surface and cause fluctuations in conductance or

sudden changes in the junction stability cannot be ruled out

[17]. Finally some molecular end groups are cleaved at the

junction [18-22]. These chemical species presumably remain in

the vicinity of the junction although their role is difficult to
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Figure 1: a,b) Front and side view of the NHC attached to clean electrode terminations (C structure). c,d) Front and side view of the junction in pres-
ence of a NH2 group adsorbed on one side of the junction (CA structure). e) Schematic illustration of the different emission and absorption processes
due to tunneling electrons. The energy εm represents the state associated to the molecule bridging the two electrodes while εa is the state of an
adsorbate attached to the left electrode. The black curves are the left- and right-projected DOS of the molecule while the gray curve is the density of
states of the adsorbate.

analyze precisely, because single-molecule break-junction ex-

periments provide only indirect information on the nature of the

junction from conductance and forces [14,23,24]. In spite of

this, the role of molecular co-adsorbates in elastic and inelastic

transport processes has not been studied in detail. Therefore

going beyond the approximation of a “clean” junction and

analyzing the effect of adsorbates is particularly relevant.

Here we address this issue by investigating the effect on the

current-induced heat exchange of a molecular species adsorbed

in the vicinity of the molecular junction. As we show in this

paper, the presence of adsorbates not bonded directly to the

molecule gives rise to pronounced deviations from its behavior

as an isolated molecule, resulting in marked changes in the

heating and cooling dynamics (HCD) of the junction.

We consider a N-heterocyclic carbene-based junction and study

the effect of a neighboring NH2 species adsorbed on one of the

electrodes, close to the metal–carbene bond. N-Heterocyclic

carbenes (NHCs) have recently attracted much attention

because of their interesting electronic properties and their high

thermal and mechanical stability [25-27]. We recently studied

the electronic and elastic transport properties of NHC-based

junctions anchored to Au(100) electrodes [28]. We reported a

strong dependence of transport properties on the atomistic struc-

ture of the metal/molecule interface and analyzed its implica-

tions on the current-induced damping and excitation of local-

ized molecular vibrations [29]. We considered the case of a

“clean” junction formed by the NHC only. Here, in turn, we

extend this study and compare the current-induced heating of

vibrational modes for two junctions: i) a “clean” metal/NHC/

metal junction and ii) an asymmetric metal + NH2/NHC/metal

junction where a NH2 group is adsorbed on one of the leads.

We use a first-principles, self-consistent description of the junc-

tion out of equilibrium based on density functional theory

(DFT) and non-equilibrium Green’s functions (NEGF). We

show how the change in the electronic structure of the junction

induced by the presence of the adsorbate promotes the cooling

of NHC vibrational modes through i) electrostatic gating of mo-

lecular levels and ii) quenching of carbene density of states

(DOS) as a function of the applied bias. We illustrate the

connection between the gating of NHC states and the heating of

the junction by comparing vibron populations as a function of

bias for two systems: the “clean” NHC structure and a modifi-

cation of this system where the spectrum was shifted so that the

LUMO position matches that of the geometry with NH2. Based

on this analysis, we are able to clearly discriminate the contri-

bution to the cooling of carbene modes of the gating from that

of the reduction of carbene DOS near the Fermi level due to the

adsorbate. The current-induced heating of adsorbate modes

reveals the important role of molecule–adsorbate through-space

tunneling. By setting the adsorbate electronic structure ele-

ments to zero in the calculations we could also quantify the

direct role of NH2 states in vibron populations. We establish a

connection between this change and the degree of localization

of vibrational modes on the adsorbate. This work shows that

adsorbate species in the vicinity of the junction can influence

the current-induced heating and cooling of vibrational modes of

the conducting molecule.

Geometries and Computational Details
Figure 1a–d shows the structures considered in the present

study. The conducting unit is a NHC-based molecule formed by

four benzene rings and two imidazole groups as linkers at-
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tached to Au(100) electrodes with tetrameric tip terminations

(structure C). We compare this to a junction (structure CA)

having the same NHC-based molecule with a NH2 group

adsorbed on one of the tetramers, close to the Au–carbene bond

but not chemically bound to the carbene. We consider the junc-

tion with the NH2 unit adsorbed at one of the electrodes only so

as to introduce asymmetries in the junction DOS under bias,

given that NH2 states will be pinned to the left chemical poten-

tial.

We use Siesta [30] and TranSiesta [31] for the structure relaxa-

tion and the calculation of the electronic and transport proper-

ties. We use a single-ζ plus polarization basis for gold and a

double-ζ plus polarization basis for nitrogen, hydrogen and car-

bon atoms. Exchange–correlation is described with the general-

ized gradient approximation (GGA) [32]. For the calculation of

the electron–phonon coupling matrix we use the Inelastica code

[33] with the M(Γ) approximation [34], which consists of calcu-

lating the electron–phonon coupling matrix M in just one point

of the Brillouin zone (Γ) for both electrons and phonons. The

dynamical region includes the molecule, the Au atoms forming

electrode terminations and the adsorbate atoms.

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 Monkhorst–Pack grid for the calculation of

the electronic structure. Eigenchannels are calculated as de-

scribed in [35]. The electronic structure of the junction is calcu-

lated self-consistently in presence of an external bias Vb ranging

from 0.2 to 1.2 V in steps of 0.2 V.

The current flowing through the junction drives the vibronic

system out of equilibrium, heating the vibrational modes of the

molecule. The different processes exchanging energy between

electronic and vibrational degrees of freedom are shown in

Figure 1e. The energies εm and εa represent the molecular and

adsorbate states, respectively. The adsorbate state is pinned to

the left chemical potential μL. Black curves represent the left-

and right-projected molecular DOS while the gray curve is the

DOS of the adsorbate.

 is the emission rate of vibrational quanta of mode λ due to

tunneling electrons. Electrons flowing through the junction

from the left electrode can lose energy by scattering inelasti-

cally with molecular vibrations and tunnel into the right elec-

trode at a lower energy. Since this transfers energy to vibra-

tions localized at the interface, these processes result in the

heating of the molecule. Electrons can also absorb energy from

the vibronic system through intra- or inter-electrode inelastic

scattering processes ( ,  and  in Figure 1e). These

mechanisms transfer energy from molecular vibrations to

tunneling electrons and thus contribute to the cooling of the

junction. They add up to a total rate Ra,λ. These emission and

absorption processes have been described in detail elsewhere

[5,6,29,36]. Finally, vibrations can also dissipate energy into

bulk phonons.

The steady state solution for the population of vibrational mode

λ (excluding anharmonic coupling between vibrational modes)

is [36-38]:

(1)

where the coupling of vibrations to tunneling electrons and to

bulk phonons are both taken into account. The parameter

 describes the damping of molecular vibrations

with bulk phonons in the left (L) and right (R) contacts and

tends to drive the system to the Bose–Einstein (BE) distribution

 of the bath at a temperature T0 (see below). For Jλ = 0,

energy cannot be dissipated into bulk phonons and the junction

is in the undamped limit [29]. On the other hand, for large Jλ,

coupling to Au phonons is strong and current-induced excita-

tions are completely damped by bulk phonons. In the intermedi-

ate limit that we consider here, the current can excite the vibra-

tional system beyond the dynamics dictated by Au phonons.

The processes of emission and absorption of molecular vibra-

tions due to the interaction with the electronic system has been

derived in the framework of NEGF theory [6,37,39]. In the low

temperature limit the emission rate  of vibrational quanta

by tunneling electrons is expressed as:

(2)

while the absorption rates are given by:

(3)
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Figure 2: a) Left and right spectral functions at 0 V for a clean NHC (C, structure shown in Figure 1a,b) and with a NH2 group adsorbed on the left
electrode, (CA, structure in Figure 1c,d). For the latter we decompose the contributions of the carbene backbone and adsorbate (CA = C’ + NH2);
b) Left (left panels) and right (right panels) projected spectral functions of the CA junction decomposed into the contributions from the NHC backbone
and from the NH2 adsorbate at 0.2, 0.6 and 1.2 V. Black, horizontal lines represent the left and right chemical potentials at different biases. NH2 states
move with respect to NHC states under bias and, at 1.2 V, there is a significant NH2-derived DOS above the HOMO.

The matrices  are given by the product of the

electron–vibration couplings and the left and right spectral

densities:

(4)

In our analysis the damping term Jλ in Equation 1 is introduced

as an external parameter. We assume a constant damping of

vibrational modes into bulk phonons of Jλ/2 = JL = JR = 5 ×

1010 Hz. In the following we thus omit the label λ in the nota-

tion for the parameter J. This value of J falls in the range of

previous ab initio calculations [37,40] and ensures at the same

time a relatively low effective temperature [40] of the junction

even at high bias (1.2 V). A stronger damping parameter would

dominate over the electronic contributions driving the system to

the BE distribution. We also assume a relatively low tempera-

ture of the bath T0 of 100 K. Changing the temperature of the

bath would roughly shift the offset of accumulated energy of the

vibrational modes and of the effective temperature of the mole-

cule [37].

Results and Discussion
Effect of the NH2 adsorbate on the electronic
structure of the clean junction
We first analyze the effect on the electronic structure of an NH2

unit adsorbed in the vicinity of the NHC molecule on one side

of the junction. We consider the spectral properties of a “clean”

junction (labeled C) consisting of the NHC only. This is shown

in Figure 1a,b. We compare this to a junction called CA which,

in addition to the NHC, has an NH2 adsorbate on one of the

electrode terminations (Figure 1c,d).

Figure 2a shows the left- and right-projected spectral functions

(AL(ε) and AR(ε), respectively) for the two junctions C and CA

at equilibrium (no bias applied). The spectral functions are

related to the DOS of the left and right metal/molecule inter-

faces [41]. The presence of the adsorbate on one side of the

junction induces an up-shift of approximately 0.13 eV of the

NHC levels. Also, below the Fermi level the adsorbate intro-

duces broad features to AL(ε). On the right side of the junction

no NH2 states are visible in AR. Importantly, at high applied

voltages, a significant part of NH2 DOS is almost completely

above the HOMO of NHC (Figure 2b). Thus the adsorbate

introduces an asymmetry in the electronic structure of the CA

junction.

Electron donation from the carbene to the Au tip is reduced in

the presence of the NH2 unit, resulting in NHC spectral fea-

tures at slightly higher energies in the C than in the CA junc-

tions. Notice that the behavior in terms of charge transfer and

redistribution of this NH2 adsorbate is fundamentally different

from that of anchoring groups in molecular junctions (R–NH2):

here NH2 acts as an acceptor, while as anchoring group, amines

are electron donors [42]. In Supporting Information File 1, we

show a comparison of the plane-averaged electron density

difference upon adsorption of NH2 for reference, and its satu-

rated counterpart NH3 (which is similar to the role as anchoring

group R–NH2). Similar shifts of molecular levels are expected

for other adsorbates, whose donor or acceptor character could

be used to gate NHC conducting orbitals.

We now turn to the spectral features of the CA junction as a

function of applied voltage. Figure 2b shows the left and right

projected spectral functions AL(ε) and AR(ε) decomposed into
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Figure 4: a–f) Populations of all vibrational modes at 0.2, 0.6 and 1.2 V for the junction with (CA) and without (C) the NH2 adsorbate. g–l) Average
energy of all modes for the two structures considered at 0.2, 0.6 and 1.2 V. Blue arrows indicate the mode at 175 meV studied in detail in the text.

NHC (C’, green) and adsorbate (NH2, blue) components for

three different values of the external bias Vb: 0.2, 0.6 and 1.2 V.

Carbene and NH2 states have a different bias dependence.

While adsorbate states are strongly pinned to the chemical

potential of the left electrode, NHC states do not clearly follow

the potential of either electrode. Figure 3 shows the pinning of

the molecular HOMO and LUMO and of the states of the adsor-

bate.

Figure 3: Shift of HOMO, LUMO and NH2 states with respect their
equilibrium position as a function of the applied bias Vb in the CA junc-
tion. The black dashed line represents a linear regression fit with slope
of 0.942. Adsorbate states follow the electrostatic potential of the left
electrode. NHC states are not pinned to either electrode and exhibit a
non-monotonic behavior with applied voltage, as discussed in the text.

The figure tracks the shift in the peak positions with respect to

the value at equilibrium (0 V). Up to 0.6 V the positions of

HOMO and LUMO are essentially unchanged. After this they

move up with applied bias but then down after Vb = 1 V. This

behavior can be explained by noting that half the voltage is

applied to each electrode. With increasing bias, the left chemi-

cal potential approaches the LUMO peak while the right one ap-

proaches HOMO. At Vb/2 = 0.3 V the left chemical potential

approaches the LUMO and NHC features move up to avoid

charging. At Vb/2 = 0.5 V, however, the right chemical poten-

tial is close to HOMO and there is a balance between the filling

of the LUMO resonance by the left electrode and the emptying

of the HOMO by the right lead. The drop in NHC spectral fea-

tures in Figure 3 beyond 0.5 V shows that the latter process

dominates. In contrast to NHC features, the NH2-derived peak

in the DOS is strongly pinned to the left electrode and moves up

linearly with applied voltage.

Population and energy of vibrational modes
In the presence of an external bias the vibronic system is driven

out of equilibrium by the electrical current. Figure 4a–f shows

the populations Nλ(Vb) of each vibrational mode at 0.2, 0.6 and

1.2 V for the two junctions considered: the “clean” junction C

and the junction with the NH2 adsorbate in the vicinity, CA.

Two distinct regions can be clearly seen, consistent with the

character of the junction vibrational modes: At energies higher

than ca. 100 meV, vibrational modes are characterized by

in-plane movement of atoms forming the NHC backbone. Out-

of plane NHC modes are present mostly below about 100 meV.

NH2 modes are found throughout the spectrum up to

ca. 420 meV (Figure S3, Supporting Information File 1).

At low bias (0.2 V) the population of vibrational modes follows

a Bose–Einstein distribution for C and CA, with low-energy

modes populated (Figure 4a,d). At 0.6 V higher-energy modes

of the C junction get populated while the mode populations for

the CA junction roughly still follow a BE distribution

(Figure 4b,e). At 1.2 V the electronic current has established a

clearly non-equilibrium vibronic distribution for both junctions

(Figure 4c,f).

These changes are reflected in the energy stored in vibrational

modes, which gives a measure of the heating as a function of
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the applied bias. From Equation 1 the energy stored in each

mode can be calculated as . Figure 4g–l

shows this quantity. At 0.2 V very little energy is stored in

vibrational modes across the spectrum. At higher voltages, sub-

stantial energy is stored in modes at below ca. 200 meV, which

correspond to vibrations of the NHC backbone. Vibrational

modes localized on the adsorbate are found at 58, 86 and

407 meV. Importantly, even if the NH2 group is not directly at-

tached to the right electrode and not chemically bound to the

NHC, the stored energy of these three modes increases as a

function of the applied bias. This finding emphasizes the impor-

tant role of through-space tunneling supported by the molecular

backbone bridging the two electrodes in the HCD of the adsor-

bate. In Supporting Information File 1 we show the populations

and stored energy of all modes calculated using a smaller

damping parameter J = 4 × 1010 Hz.

Connection between DOS and heating of
NHC modes
The populations and average energies of NHC modes in the

presence of the NH2 adsorbate (junction CA) are lower than for

the junction without the adsorbate (C). This can be rationalized

in terms of changes in the electronic structure of the NHC back-

bone induced by the presence of the NH2 group: i) an up-shift

of carbene features and ii) a pronounced decrease of the LUMO

peak of the left spectral function with bias.

First, the up-shift of NHC states for the CA structure results in a

reduction of carbene DOS in the integration window near the

Fermi level (black and green curves in Figure 2a). As we

discuss later, in the CA junction NH2 states do not appreciably

affect the energy exchange dynamics of carbene modes, which

are dominated by carbene DOS. Thus the reduction of carbene

DOS near the Fermi level compared to the C structure results in

smaller emission rates  in Equation 1.

Second, the LUMO peak in the AL(ε) becomes lower as a func-

tion of applied voltage (Figure S5 in Supporting Information

File 1 shows the left-projected spectral function at 1.0 V for the

two structures). This reduction is observable for both the C and

CA structures but it is more pronounced in the presence of the

adsorbate. This effect also contributes to the decrease of emis-

sion rates Re,λ(Vb). Thus, at any given bias, the emission rate of

a vibrational mode λ will be lower for the structure with the

NH2 adsorbate.

We now discuss the connection between vibron populations, the

emission rate Re,λ(Vb) and the DOS structure by analyzing the

terms in Equation 1. We find that, for high energy modes

(E ≥ 70 meV), the numerator can be well approximated by the

emission rate Re,λ(Vb) since, assuming a low phonon-bath

temperature, . Also, the denominator

J + Ra,λ(Vb) − Re,λ(Vb) does not change much for carbene modes

over the whole bias range considered. Figure S6 in Supporting

Information File 1 shows the bias dependence of the denomi-

nator in Equation 1 for a couple of modes at low (35 meV) and

high (176 meV) energy for the C structure. These oscillations

around J as a function of Vb are relatively small as long as mo-

lecular resonances are broad compared to the mode energy 

(a condition generally met for carbene–metal junctions, with the

exception of long, chain-like structures [29]). Thus we find that,

for carbene modes, Equation 1 can be approximated as follows:

(5)

Since the emission rate Re,λ(Vb) depends directly on the DOS

inside the Fermi window, the previous approximation provides

a more intuitive understanding of the connection between

vibron occupation Nλ and the electronic structure. A higher

DOS results in a higher emission rate and thus a higher occupa-

tion number while a reduction of the DOS in the bias window

would result into a lower Re,λ(Vb) and, consequently, a lower

Nλ. We now illustrate the validity of Equation 5 by focusing on

the stored energy of a representative mode. The mode at

 = 176 meV is delocalized over the carbene backbone (see

Figure S7, Supporting Information File 1) and has one of the

highest populations and stored energy under bias. It is high-

lighted in Figure 4 with blue arrows.

The two black curves in Figure 5 represent the energy stored in

this vibrational mode for the C structure calculated according to

Equation 1 (continuous line) and Equation 5 (dashed line), re-

spectively. In the bias regime below 1.2 V, Equation 5 provides

a good approximation to the computationally more expensive

calculation needed for vibron population using Equation 1.

For this mode we now quantitatively evaluate the effect on the

HCD of the gating induced by the NH2 adsorbate by consid-

ering the C structure and shifting its spectrum such that the

LUMO position matches that of the CA junction. This ensures

that other effects introduced by the adsorbate (e.g., hybridi-

zation) are excluded. We note that the pinning behavior of the

LUMO in the C and CA junctions is slightly different and

therefore the LUMO peaks are matched at each applied voltage.

Figure 5 shows the calculated energy stored in this vibrational

mode also for the CA and shifted C structures. The energy of

the vibrational mode grows as a function of the applied bias and

is clearly higher for the C junction over the whole bias range.

The blue curve shows how, in the low bias regime, an up-shift

of NHC states results in a relatively strong reduction of vibron
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Figure 5: Energy stored in the mode at  = 176 meV as a function
of applied bias for the C and CA junctions, and for a C junction with
spectral functions shifted so as to match the LUMO of the CA struc-
ture. The black, dashed line represents the stored energy for structure
C calculated using Equation 5.

energy. The energy stored in the CA junction can be replicated

by shifting the C LUMO. Above 0.8 V, however, the LUMO

position in the C and CA structures approximately coincide and

the applied shift is negligible. In this voltage range the main

difference between both structures is no longer the position but

the height and width of the LUMO. This result demonstrates

how, for systems with LUMO-dominated transport, a rigid

up-shift of molecular levels arising from, e.g., adsorbate-in-

duced chemical doping can promote the cooling of the molecu-

lar junction in the low bias regime.

HCD mediated by adsorbate states
As previously mentioned, the NH2 adsorbate introduces addi-

tional features in the low-energy CA DOS (blue line in

Figure 2a). The position and bias dependence of these states can

influence the heating and cooling dynamics of the junction. To

quantitatively evaluate this effect for the CA junction we calcu-

late vibron populations setting the matrix elements of the left

and right spectral functions involving atomic orbitals of the

adsorbate to zero in Equation 2 and Equation 3. We compare

these results to the calculation that includes all contributions.

We checked that setting the elements of the electron–vibration

coupling matrix Mλ to zero would yield the same result. This is

expected since the energy-dependent rates  are ob-

tained from the trace of the matrix products (Equation 4) where

only diagonal terms contribute. Notice also that a direct com-

parison between the C and CA structures would not be mean-

ingful since modes and mode energies change, and carbene and

adsorbate states are hybridized.

We derive the change in the accumulated energy of each mode

using the following expression:

(6)

Here  is the population of vibrational mode λ includ-

ing all contributions of the spectral functions, while

 is the one obtained by setting the contributions in-

volving adsorbate orbitals to zero, as described above. A posi-

tive value of ΔEλ(Vb) means that the adsorbate DOS tends to

increase the accumulated energy of a vibrational mode λ. A

negative value, on the other hand, means that adsorbate states

contribute to cool down a certain vibrational mode. From Equa-

tion 6 on can see that a given change in vibron population has a

stronger impact on high energy modes because of the prefactor

.

Much insight can be gained by correlating the character and lo-

calization of each mode with the energy it stores. For this we

calculated how much each vibrational mode involves the NH2

adsorbate using the following projection:

(7)

where  are the amplitudes of eigenmode λ and the sum

extends over the NH2 group.

Figure 6 shows the difference between the energies of the vibra-

tional modes of the CA junction and with the contributions of

the NH2 group switched off. In Supporting Information File 1

we show the same calculation using a smaller damping parame-

ter J = 4 × 1010 Hz. The color code represents the projection of

each mode on the NH2 adsorbate [Equation 7]. Red color indi-

cates modes with a strong weight on the adsorbate while modes

mostly localized on the carbene backbone are identified by the

blue color. Comparing the energy scales of Figure 6 to that of

Figure 4 and Figure 5, we see that the overall change in the

energy stored in vibrational modes induced by adsorbate states

is small compared to the values for the C and CA junctions, and

small compared to the changes in Eλ(Vb) resulting from the

LUMO shifts.

Figure 6 shows how the changes ΔEλ are negligible at low bias

(0.2 V). At 0.6 V the most significant change is a modest

heating of a mode at 182 meV, which is mostly localized on the

NH2 group. At 1.2 V the change in average vibron energy

becomes higher, also for two additional modes at 58 meV and

86 meV, both of which have large amplitudes  on the

adsorbate. The strong decrease for the mode at 423 meV (local-

ized on carbene backbone) is mainly due to the large prefactor

 (Equation 6). Calculations for a smaller value of J (Figure
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Figure 6: Change in energy stored in each vibrational mode when
setting the contributions of the NH2 group to zero in the spectral func-
tions of the CA junction at (a) 0.2 V, (b) 0.6 V and (c) 1.2 V for
J = 1 × 1011 Hz. The color bar indicates to which extent the vibrational
modes are localized on the adsorbate, as given by Equation 7.

S8, Supporting Information File 1) show how the impact of

adsorbate DOS becomes more important with weak damping by

bulk phonons. In particular for high-energy modes, even a rela-

tively small change in vibron population results in an appre-

ciable change of the average energy of the mode, such as the

NHC mode at 423 meV.

Thus the heating of NHC modes is essentially unaffected by the

NH2 DOS, and the electronic structure of the adsorbate has little

direct influence on the heating of carbene modes. Moreover the

adsorbate DOS tends to heat mostly NH2-localized modes. This

analysis illustrates the heating of adsorbate modes via through-

space tunneling and quantifies the role of adsorbate DOS in this

process.

Conclusion
We studied the effect of a molecular adsorbate on the current-

induced heating and cooling dynamics of a NHC-based molecu-

lar junction. We calculated the bias-dependent rates of emis-

sion and absorption of molecular vibrations using first princi-

ples methods based on DFT-NEGF. We considered an electron-

withdrawing NH2 species adsorbed in the vicinity of the mole-

cule on one of the electrodes and found that it cools carbene

modes with respect to the junction with no adsorbate. The main

result is that the influence of the adsorbate on the cooling of

carbene modes is indirect, resulting from the changes in the

electronic structure of carbene brought by the presence of the

adsorbate rather than from the electronic structure of the adsor-

bate itself. Introduction of the NH2 species shifts NHC states up

and reduces the height of the LUMO peak with respect to the

junction without the adsorbate. These effects lead to a reduc-

tion of the DOS in the integration window in the calculation of

the emission rate Re,λ. Thus the population of carbene modes

and the energy stored in them decreases with the adsorbate in

the vicinity, and carbene modes are effectively cooled under

bias by the presence of the NH2 species. Adsorbate states are

present as broad features below the Fermi level in the junction

DOS. The impact of this DOS in the dynamics of energy

exchange is not as large as through the modification of the

carbene DOS described above. Adsorbate states tend to heat

modes localized on the adsorbate. This results from through-

space tunneling since adsorbate and carbene are not bonded to

each other. In summary, we have shown that a species adsorbed

in the vicinity of a molecular junction can influence the heating

and cooling dynamics of the conducting molecule. This affects

not only the elastic transport properties but also the stability of

molecular junctions under an applied bias. We therefore expect

this work to be of general interest in the broader field of single

molecule transport.

Supporting Information
Supporting Information File 1
The Supporting Information contains the following

material: electron density difference upon adsorption of

NHC over a clean and a NH2-decorated surface; electron

density difference upon adsorption of NH2 and NH3;

calculated populations and stored energies of all vibrational

modes using a smaller damping parameter J; all emission

and absorption rates as a function of bias for two modes (35

meV and 176 meV) for the C structure; change in the

stored energy associated to the adsorbate DOS; a picture of

the vibrational mode at 176 meV for the CA structure.

[http://www.beilstein-journals.org/bjnano/content/

supplementary/2190-4286-8-206-S1.pdf]

Acknowledgements
We gratefully acknowledge financial support from the Czech

Science Foundation (GAČR) under project 15-19672S, the

Purkyně Fellowship program of the Academy of Sciences of the

Czech Republic, and the European Union’s Horizon 2020

research and innovation programme under the Marie

Skłodowska-Curie grant agreement No 709114. We thank the

National Grid Infrastructure MetaCentrum for access to

computing and storage facilities provided by the “Projects of

Large Research, Development, and Innovations Infrastructures”

(CESNET LM2015042) program.

References
1. Aviram, A.; Ratner, M. A. Chem. Phys. Lett. 1974, 29, 277–283.

doi:10.1016/0009-2614(74)85031-1
2. Ratner, M. A. Nat. Nanotechnol. 2013, 8, 378–381.

doi:10.1038/nnano.2013.110

http://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-8-206-S1.pdf
http://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-8-206-S1.pdf
https://doi.org/10.1016%2F0009-2614%2874%2985031-1
https://doi.org/10.1038%2Fnnano.2013.110


Beilstein J. Nanotechnol. 2017, 8, 2060–2068.

2068

3. Sun, L.; Diaz-Fernandez, Y. A.; Gschneidtner, T. A.; Westerlund, F.;
Lara-Avila, S.; Moth-Poulsen, K. Chem. Soc. Rev. 2014, 43,
7378–7411. doi:10.1039/C4CS00143E

4. Xiang, D.; Wang, X.; Jia, C.; Lee, T.; Guo, X. Chem. Rev. 2016, 116,
4318–4440. doi:10.1021/acs.chemrev.5b00680

5. Romano, G.; Gagliardi, A.; Pecchia, A.; Di Carlo, A. Phys. Rev. B 2010,
81, 115438. doi:10.1103/PhysRevB.81.115438

6. Lü, J.-T.; Hedegård, P.; Brandbyge, M. Phys. Rev. Lett. 2011, 107,
046801. doi:10.1103/PhysRevLett.107.046801

7. Franke, K. J.; Pascual, J. I. J. Phys.: Condens. Matter 2012, 24,
394002. doi:10.1088/0953-8984/24/39/394002

8. Lee, W.; Kim, K.; Jeong, W.; Zotti, L. A.; Pauly, F.; Cuevas, J. C.;
Reddy, P. Nature 2013, 498, 209–212. doi:10.1038/nature12183

9. Kaasbjerg, K.; Novotný, T.; Nitzan, A. Phys. Rev. B 2013, 88, 201405.
doi:10.1103/PhysRevB.88.201405

10. Li, H.; Kim, N. T.; Su, T. A.; Steigerwald, M. L.; Nuckolls, C.;
Darancet, P.; Leighton, J. L.; Venkataraman, L. J. Am. Chem. Soc.
2016, 138, 16159–16164. doi:10.1021/jacs.6b10700

11. Xu, B.; Tao, N. J. Science 2003, 301, 1221–1223.
doi:10.1126/science.1087481

12. Venkataraman, L.; Klare, J. E.; Tam, I. W.; Nuckolls, C.;
Hybertsen, M. S.; Steigerwald, M. L. Nano Lett. 2006, 6, 458–462.
doi:10.1021/nl052373+

13. Frei, M.; Aradhya, S. V.; Hybertsen, M. S.; Venkataraman, L.
J. Am. Chem. Soc. 2012, 134, 4003–4006. doi:10.1021/ja211590d

14. Xiang, D.; Jeong, H.; Lee, T.; Mayer, D. Adv. Mater. 2013, 25,
4845–4867. doi:10.1002/adma.201301589

15. Choi, B.; Capozzi, B.; Ahn, S.; Turkiewicz, A.; Lovat, G.; Nuckolls, C.;
Steigerwald, M. L.; Venkataraman, L.; Roy, X. Chem. Sci. 2016, 7,
2701–2705. doi:10.1039/C5SC02595H

16. Luka-Guth, K.; Hambsch, S.; Bloch, A.; Ehrenreich, P.; Briechle, B. M.;
Kilibarda, F.; Sendler, T.; Sysoiev, D.; Huhn, T.; Erbe, A.; Scheer, E.
Beilstein J. Nanotechnol. 2016, 7, 1055–1067. doi:10.3762/bjnano.7.99

17. Long, D. P.; Lazorcik, J. L.; Mantooth, B. A.; Moore, M. H.;
Ratner, M. A.; Troisi, A.; Yao, Y.; Ciszek, J. W.; Tour, J. M.;
Shashidhar, R. Nat. Mater. 2006, 5, 901–908. doi:10.1038/nmat1754

18. Cheng, Z.-L.; Skouta, R.; Vázquez, H.; Widawsky, J. R.;
Schneebeli, S.; Chen, W.; Hybertsen, M. S.; Breslow, R.;
Venkataraman, L. Nat. Nanotechnol. 2011, 6, 353–357.
doi:10.1038/nnano.2011.66

19. Chen, W.; Widawsky, J. R.; Vázquez, H.; Schneebeli, S. T.;
Hybertsen, M. S.; Breslow, R.; Venkataraman, L. J. Am. Chem. Soc.
2011, 133, 17160–17163. doi:10.1021/ja208020j

20. Widawsky, J. R.; Chen, W.; Vázquez, H.; Kim, T.; Breslow, R.;
Hybertsen, M. S.; Venkataraman, L. Nano Lett. 2013, 13, 2889–2894.
doi:10.1021/nl4012276

21. Foti, G.; Vázquez, H.; Sánchez-Portal, D.; Arnau, A.; Frederiksen, T.
J. Phys. Chem. C 2014, 118, 27106–27112. doi:10.1021/jp5077824

22. Liang, J.; Smith, R. E. G.; Vezzoli, A.; Xie, L.; Milan, D. C.;
Davidson, R.; Beeby, A.; Low, P. J.; Higgins, S. J.; Mao, B.;
Nichols, R. J. Electrochim. Acta 2016, 220, 436.
doi:10.1016/j.electacta.2016.10.095

23. Aradhya, S. V.; Venkataraman, L. Nat. Nanotechnol. 2013, 8, 399–410.
doi:10.1038/nnano.2013.91

24. Yoshida, K.; Pobelov, I. V.; Manrique, D. Z.; Pope, T.; Mészáros, G.;
Gulcur, M.; Bryce, M. R.; Lambert, C. J.; Wandlowski, T. Sci. Rep.
2015, 5, 9002. doi:10.1038/srep09002

25. Arduengo, A. J., III; Harlow, R. L.; Kline, M. J. Am. Chem. Soc. 1991,
113, 361–363. doi:10.1021/ja00001a054

26. Hopkinson, M. N.; Richter, C.; Schedler, M.; Glorius, F. Nature 2014,
510, 485–496. doi:10.1038/nature13384

27. Crudden, C. M.; Horton, J. H.; Ebralidze, I. I.; Zenkina, O. V.;
McLean, A. B.; Drevniok, B.; She, Z.; Kraatz, H.-B.; Mosey, N. J.;
Seki, T.; Keske, E. C.; Leake, J. D.; Rousina-Webb, A.; Wu, G.
Nat. Chem. 2014, 6, 409–414. doi:10.1038/nchem.1891

28. Foti, G.; Vázquez, H. Nanotechnology 2016, 27, 125702.
doi:10.1088/0957-4484/27/12/125702

29. Foti, G.; Vázquez, H. J. Phys. Chem. C 2017, 121, 1082–1088.
doi:10.1021/acs.jpcc.6b11955

30. Soler, J. M.; Artacho, E.; Gale, J. D.; García, A.; Junquera, J.;
Ordejón, P.; Sánchez-Portal, D. J. Phys.: Condens. Matter 2002, 14,
2745. doi:10.1088/0953-8984/14/11/302

31. Brandbyge, M.; Mozos, J.-L.; Ordejón, P.; Taylor, J.; Stokbro, K.
Phys. Rev. B 2002, 65, 165401. doi:10.1103/PhysRevB.65.165401

32. Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1996, 77,
3865–3868. doi:10.1103/PhysRevLett.77.3865

33. Frederiksen, T.; Paulsson, M.; Brandbyge, M.; Jauho, A.-P.
Phys. Rev. B 2007, 75, 205413. doi:10.1103/PhysRevB.75.205413

34. Foti, G.; Sánchez-Portal, D.; Arnau, A.; Frederiksen, T. Phys. Rev. B
2015, 91, 035434. doi:10.1103/PhysRevB.91.035434

35. Paulsson, M.; Brandbyge, M. Phys. Rev. B 2007, 76, 115117.
doi:10.1103/PhysRevB.76.115117

36. Pecchia, A.; Romano, G.; Di Carlo, A.; Gagliardi, A.; Frauenheim, T.
J. Comput. Electron. 2008, 7, 384–389.
doi:10.1007/s10825-008-0219-1

37. Pecchia, A.; Romano, G.; Di Carlo, A. Phys. Rev. B 2007, 75, 035401.
doi:10.1103/PhysRevB.75.035401

38. Romano, G.; Pecchia, A.; Carlo, A. D. J. Phys.: Condens. Matter 2007,
19, 215207. doi:10.1088/0953-8984/19/21/215207

39. Gunst, T.; Lü, J.-T.; Hedegård, P.; Brandbyge, M. Phys. Rev. B 2013,
88, 161401. doi:10.1103/PhysRevB.88.161401

40. Gagliardi, A.; Romano, G.; Pecchia, A.; Di Carlo, A.; Frauenheim, T.;
Niehaus, T. A. New J. Phys. 2008, 10, 065020.
doi:10.1088/1367-2630/10/6/065020

41. Datta, S. Electronic Transport in Mesoscopic Systems; Cambridge
University Press: Cambridge, UK, 1995.

42. Hybertsen, M. S.; Venkataraman, L.; Klare, J. E.; Whalley, A. C.;
Steigerwald, M. L.; Nuckolls, C. J. Phys.: Condens. Matter 2008, 20,
374115. doi:10.1088/0953-8984/20/37/374115

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.8.206

https://doi.org/10.1039%2FC4CS00143E
https://doi.org/10.1021%2Facs.chemrev.5b00680
https://doi.org/10.1103%2FPhysRevB.81.115438
https://doi.org/10.1103%2FPhysRevLett.107.046801
https://doi.org/10.1088%2F0953-8984%2F24%2F39%2F394002
https://doi.org/10.1038%2Fnature12183
https://doi.org/10.1103%2FPhysRevB.88.201405
https://doi.org/10.1021%2Fjacs.6b10700
https://doi.org/10.1126%2Fscience.1087481
https://doi.org/10.1021%2Fnl052373%2B
https://doi.org/10.1021%2Fja211590d
https://doi.org/10.1002%2Fadma.201301589
https://doi.org/10.1039%2FC5SC02595H
https://doi.org/10.3762%2Fbjnano.7.99
https://doi.org/10.1038%2Fnmat1754
https://doi.org/10.1038%2Fnnano.2011.66
https://doi.org/10.1021%2Fja208020j
https://doi.org/10.1021%2Fnl4012276
https://doi.org/10.1021%2Fjp5077824
https://doi.org/10.1016%2Fj.electacta.2016.10.095
https://doi.org/10.1038%2Fnnano.2013.91
https://doi.org/10.1038%2Fsrep09002
https://doi.org/10.1021%2Fja00001a054
https://doi.org/10.1038%2Fnature13384
https://doi.org/10.1038%2Fnchem.1891
https://doi.org/10.1088%2F0957-4484%2F27%2F12%2F125702
https://doi.org/10.1021%2Facs.jpcc.6b11955
https://doi.org/10.1088%2F0953-8984%2F14%2F11%2F302
https://doi.org/10.1103%2FPhysRevB.65.165401
https://doi.org/10.1103%2FPhysRevLett.77.3865
https://doi.org/10.1103%2FPhysRevB.75.205413
https://doi.org/10.1103%2FPhysRevB.91.035434
https://doi.org/10.1103%2FPhysRevB.76.115117
https://doi.org/10.1007%2Fs10825-008-0219-1
https://doi.org/10.1103%2FPhysRevB.75.035401
https://doi.org/10.1088%2F0953-8984%2F19%2F21%2F215207
https://doi.org/10.1103%2FPhysRevB.88.161401
https://doi.org/10.1088%2F1367-2630%2F10%2F6%2F065020
https://doi.org/10.1088%2F0953-8984%2F20%2F37%2F374115
http://creativecommons.org/licenses/by/4.0
http://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.8.206

	Abstract
	Introduction
	Geometries and Computational Details
	Results and Discussion
	Effect of the NH2 adsorbate on the electronic structure of the clean junction
	Population and energy of vibrational modes
	Connection between DOS and heating of NHC modes
	HCD mediated by adsorbate states

	Conclusion
	Supporting Information
	Acknowledgements
	References

