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In nanoscale junctions the interaction between charge carriers and the local vibrations results in renormalization,
damping, and heating of the vibrational modes. Here we formulate a nonequilibrium Green’s function based theory
to describe such effects. Studying a generic junction model with an off-resonant electronic level, we find a strong
bias dependence of the frequency renormalization and vibrational damping accompanied by pronounced nonlinear
vibrational heating in junctions with intermediate values of the coupling to the leads. Combining our theory with
ab initio calculations, we furthermore show that the bias dependence of the Raman shifts and linewidths observed
experimentally in an oligo(3)-phenylenevinylene (OPV3) junction [Ward et al., Nat. Nanotechnol. 6, 33 (2011)]
may be explained by a combination of dynamic carrier screening and molecular charging.
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Introduction. A fundamental understanding of the nonequi-
librium behavior of the atomic degrees of freedom in current-
carrying nanoscale junctions is of major importance for the
realization of molecule-based electronics. Joule heating arising
from the interaction between the electronic charge carriers and
the molecular vibrations has been observed experimentally1–4

and poses a serious stability issue in such junctions.
The implications of the electron-vibration (el-vib) inter-

action on both the current and heating in molecular junc-
tions have been the subject of intense theoretical studies,5

and critical effects such as vibrational instabilities6,7 and
cooling mechanisms8–10 have been addressed. In addition,
recent developments11–14 have demonstrated the existence
of nonconservative current-induced forces that can drive
the molecular vibrations strongly out of equilibrium and
provide further channels for junction destabilization. Efforts
to identify vibrational heating and instabilities in, e.g.,
inelastic-tunneling spectroscopy (IETS),15 current noise,16,17

and Raman spectroscopy14,18,19 are still ongoing.
Raman spectroscopy on current-carrying molecular

junctions3,4 offers a unique diagnostic tool for monitoring
the nonequilibrium behavior of the molecular vibrations.
Apart from the information about heating encoded in the
Stokes/anti-Stokes ratio, Raman spectroscopy provides direct
access to the vibrational spectral function of the molecule.
Experimentally, this has revealed noticeable frequency shifts
and broadenings of the vibrations as a function of bias
voltage.4 Similar effects originating from the electron-phonon
interaction are well known from, e.g., Raman spectroscopy
on gated graphene20,21 and current-carrying nanomechanical
carbon-nanotube resonators,22–25 and provide useful insight
into the mechanisms governing vibrational damping and heat
dissipation in such systems.

In this Rapid Communication we study these effects
in nanoscale atomic/molecular junctions where nonadiabatic
(dynamic) effects become important when the electronic and
vibrational energy scales are comparable. For this purpose,
we formulate a nonequilibrium Green’s function (NEGF)
based theory for vibrational frequency renormalization and

heating, taking into account electronic charging and screening
effects on the local junction vibrations. We find that (i) strong
bias-dependent frequency renormalization and damping is
accompanied by pronounced nonlinear bias-dependent heat-
ing, and (ii) the above-mentioned carrier-related mechanisms
may explain the voltage dependence of the Raman shifts and
linewidths observed in Ref. 4.

Theory. To address the effect of carrier-induced renor-
malization and heating of vibrations in biased nanoscale
junctions, we employ the NEGF,26 which treats the dynamics
of the electronic and vibrational degrees of freedom on equal
footing.27,28 In the general case with more than one local
junction vibration, the dressed vibrational retarded Green’s
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FIG. 1. (Color online) (a) Molecular contact with an amine-
terminated (NH2) OPV3 molecule sandwiched between the source
and drain electrodes. (b) Generic junction description in terms of a
single molecular level ε0 with lead-induced broadening � = �L + �R

and applied bias voltage eV = μR − μL. (c), (d) Processes responsi-
ble for the carrier-induced renormalization of vibrational frequencies
(ωλ → ω̃λ) and electron-hole damping (γ eh

λ ). The illustrations corre-
spond to the Feynman diagrams for the self-energies in Eqs. (2) and
(3), respectively, describing the dynamic renormalization via virtual
electron-hole pairs (screening) (c) and the static renormalization due
to (partial) charging of the level (d).
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function (GF) is given in the matrix form as

Dr (ω) = {[
Dr

0(ω)
]−1 − �r (ω)

}−1
, (1)

where Dr
0(ω) is the bare diagonal GF given by Dr

0,λ(ω) =
2ωλ/[(ω + i0+)2 − ω2

λ] for the vibrational mode λ with
frequency ωλ, and the spectral function is given by the
imaginary part of retarded GF as A(ω) = −2

∑
λ Im Dr

λλ(ω).
The vibrational self-energy � = �el + �ph in general has
contributions from both the interaction with electronic charge
carriers (�el) and phonon-related effects (�ph).29 The latter,
reflecting coupling to environmental phonons as well as
anharmonicity,30–33 is described here by a phenomenological
damping rate γph (see, e.g., Ref. 28) which does not affect the
vibrational frequencies.

For the electronic part of the self-energy, we consider
a junction where the transport is dominated by a single
electronic level [highest occupied molecular orbital (HOMO)
or lowest unoccupied molecular orbital (LUMO)] with energy
ε0 and level broadening � = �L + �R due to the leads
[see Fig. 1(b)]. The level is coupled to the local vibrations
via linear H (1) = n0

∑
λ M

(1)
λ (a†

λ + aλ) and quadratic H (2) =
1
2n0

∑
λλ′(a

†
λ + aλ)M (2)

λλ′(a
†
λ′ + aλ′) el-vib interaction terms,

where n0 = n↑ + n↓ is the level occupancy and M
(1)
λ (M (2)

λλ′) the
linear (quadratic) el-vib coupling. The retarded components of
the electronic self-energy �el = �(1) + �(2) are to the lowest
(nonzero) order given by the electronic polarizability28

�
(1),r
λλ′ (ω) = − 2i

∫
dε

2π

[
M

(1)
λ Gr (ε)M (1)

λ′ G<(ε − ω)

+ M
(1)
λ G<(ε)M (1)

λ′ Ga(ε − ω)
]
, (2)

and the level occupancy34

�
(2),r
λλ′ (ω) = −2iM

(2)
λλ′

∫
dε

2π
G<(ε) = 〈n0〉M (2)

λλ′ , (3)

respectively, where the factors of 2 account for spin degener-
acy. The two self-energies, which are illustrated in Figs. 1(c)
and 1(d) by their respective Feynman diagrams, account for
frequency renormalization due to dynamic screening and
static (partial) charging, respectively. In addition, the former
also accounts for spectral broadening due to damping by
electron-hole (eh) pair excitations.

Vibrational heating originates from the linear el-vib inter-
action and can be quantified in terms of the nonequilibrium
occupation ñλ of the renormalized vibration. As we show
here in detail,34 the physically relevant (i.e., experimentally
verifiable via, e.g., Raman spectroscopy) occupation factor for
a renormalized vibration is given by

ñλ = −1

2
+ ω̃λ

ωλ

i

2

∫
dω

2π
D<

λλ(ω), (4)

where ω̃λ is the renormalized frequency, D<
λλ are the di-

agonal elements of the vibrational lesser GF, D<(ω) =
Dr (ω)�<(ω)Da(ω), and the mode-renormalization factor
ω̃λ/ωλ accounts for the renormalization of the field operators
ã
†
λ + ãλ = xλ

√
2ω̃λ, here related to the vibrational normal

coordinate xλ through the renormalized frequency ω̃λ.

The occupation in Eq. (4) is equivalent to the steady-state
solution of the rate equation34

˙̃nλ =[
γ eh

emis + γphNB(ω̃λ)
]
(ñλ + 1)

− [
γ eh

abs + γph(NB(ω̃λ) + 1)
]
ñλ, (5)

given by

ñλ = 1

eh̄ω̃λ/kBTeff − 1
, (6)

where we have introduced an effective nonequilibrium mode
temperature Teff defined by eh̄ω̃λ/kBTeff = [γ eh

abs + γph(NB +
1)]/(γ eh

emis + γphNB), NB(ω) = (eh̄ω/kBT − 1)−1 is the Bose-
Einstein occupation factor of the environmental phonon
bath at temperature T , and γ eh

abs (γ eh
emis) is the rate for

absorption (emission) of vibrational quanta due to intra- and
interelectrode eh-pair processes [see the inset in Fig. 2(b)].
They can be identified15 from the eh-pair damping rate
γ eh

λ = −2ωλ

ω̃λ
Im �

(1),r
λλ (ω̃λ)34 as γ eh

λ = i ωλ

ω̃λ
(�(1),>

λλ − �
(1),<
λλ ) =

γ eh
abs − γ eh

emis. In equilibrium they are related by the detailed
balance γ eh

emis = γ eh
abs exp (− h̄ω̃λ

kBT
), implying Teff = T . The total

damping rate is given by the imaginary part of the full
self-energy as γλ = −2ωλ

ω̃λ
Im �r

λλ(ω̃λ).
In the case of independent vibrations, i.e., when mode-mode

couplings given by the off-diagonal elements of the self-energy
are negligible, the renormalized frequencies are given by the
real part of the self-energy as the solution to the equation

ω2 = ω2
λ + 2ωλ Re �r

λλ(ω), (7)

which for small frequency changes 	ωλ 	 ωλ simplifies to
	ωλ = Re �r

λλ(ωλ). In the limit � 
 ωλ,ε0,V corresponding
to the situation in atomic gold wires,15,27,35 the renormalization
and damping due to the linear el-vib interaction [Eq. (2)]
scale as 	ω

(1)
λ ∼ −(M (1)

λ )2/� = −ωλ(M (1)
λ /�)2�/ωλ and

γ eh
λ ∼ ωλ(M (1)

λ /�)2, respectively. Even if the dimensionless
coupling constant is small (M (1)

λ /�)2 	 1, the frequency
renormalization may become appreciable if � 
 ωλ. In this
regime, the omission of the mode renormalization factor in
Eq. (4) has previously led to disagreements between NEGF
and rate equation results for the vibrational occupation [see,
e.g., Fig. 2(a) of Ref. 36].

In the calculations presented below, we assume low
temperature (T = 0) and use the bare electronic GFs in the
evaluation of the self-energies corresponding to the first Born
approximation.

Generic junction model. In order to demonstrate the
connection between vibrational frequency renormalization,
damping, and heating in nanoscale junctions, we start by
considering a simple junction with an off-resonant electronic
level ε0 coupled symmetrically to the leads (�L = �R) and
interacting weakly with a local vibration with frequency ωλ.
The significance of the electronic energy scales of the junction
is illustrated by considering two cases for the lead-induced
level broadening representing junctions with � � ε0,V and
� 
 ε0,V , respectively (see Fig. 2 for parameters).

In Figs. 2(a) and 2(b) we plot the bias dependence of the
renormalized vibrational frequency ω̃λ obtained from a self-
consistent solution of Eq. (7) and the eh-pair damping rate γ eh,
respectively. The qualitatively different bias dependencies in
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the two cases stem from different electronic density of states
(DOS) of the level. For the largest value of �L/R in Fig. 2
corresponding to, e.g., break junctions with small molecules,37

the DOS is low and constant at the scale of the applied bias. The
damping is consequently weak (γ eh � 0.4 meV) and both the
frequency renormalization and damping show very little bias
dependence.

When � � ε0,V , the electronic resonance can be intro-
duced into the bias window, resulting in large changes in
the level occupancy and the electronic screening with the
applied bias. This situation initially results in a softening
of the vibration and increased damping with applied bias.
At V = 2ε0, where the level becomes resonant with the
chemical potential of the source contact, it is partially filled
and therefore has a large DOS for eh-pair excitations [see
Fig. 1(c)]. As a consequence, the frequency renormalization
and eh-pair damping peak close to this bias voltage value.
For higher biases the resonance continues to fill up and eh-pair
excitations become suppressed by Pauli blocking [see the inset
of Fig. 2(b)]. This results in a subsequent hardening of the
frequency, which at high bias saturates at the value given by
the charging-induced renormalization ω̃λ = ωλ + n0M

(2)
λ , and

a strongly reduced damping (see also below).
Next, we consider the heating of the vibration.38

Figures 2(c) and 2(d) show the bias dependence of the
vibrational excitation obtained from Eq. (4) as well as
the rate equation result (6), and the elastic current I =
−e�/h

∫
dε Im Gr (ε)[fL − fR] through the junction (inelas-

tic contributions are small corrections). Note that the rate-
equation and NEGF results are in perfect agreement, as
expected. Above the threshold for emission of vibrational
quanta at eV = h̄ω̃λ (given by the renormalized frequency)
a qualitatively different behavior of the vibrational excitation
is observed for the two � values. In the � 
 ε0,V case,
the linear bias dependence of the vibrational excitation is
well known.15 For � � ε0,V , the bias dependence of the
vibrational excitation is strongly nonlinear and, perhaps
counterintuitively, experiences stronger (compared to the large
� case) heating for V � 1.1 V despite the lower current and
stronger damping.

To elucidate the physical origin of the pronounced nonlinear
heating in the � � ε0,V case, we consider the dominant
contributions to the eh-pair damping rate from absorption
(solid lines) and emission (dashed line) processes shown
in the inset of Fig. 2(b). At biases V > 2ε0, absorption
processes with the left lead become Pauli blocked and
transport-induced interelectrode processes become dominant.
Furthermore, when the full resonance is contained in the
bias window, i.e., V 
 ε0,�,ωλ, the DOS for absorption
and emission processes become comparable, implying that
γ eh

abs ∼ γ eh
emis and γ eh → 0. For the steady-state solution (6)

this leads (NB = 0 at T = 0) to ñλ = γ eh
emis/γph. The bias

dependence of the heating thus follows that of the rate for
emission processes which is nonlinear due to the Lorentzian
broadening of the electronic level and saturates in the high
bias limit where the current is carried by the full resonance.
This qualitatively explains the pronounced nonlinear heating.
It is important to note that the steady-state solution to the rate
equation (5) diverges in the high bias limit V → ∞ in the
absence of the phonon-related damping parameter γph. This
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FIG. 2. (Color online) Renormalized frequency ω̃λ (a) and
electron-hole damping rate γ eh = −2 ωλ

ω̃λ
Im �

(1),r
λ (ω̃λ) (b) as a func-

tion of bias voltage V for a vibration interacting with an off-resonant
level (ε0 = 0.5 eV, μL/R = ±V/2, �L = �R , ωλ = 200 meV, M (1)

λ =
50 meV, M

(2)
λ = −2 meV, γph = 1 meV). The inset in (b) depicts the

eh-pair processes dominating the damping rate. (c) Nonequilibrium
excitation ñλ of the renormalized vibration calculated using Eq. (4)
(solid lines) and the rate-equation result in Eq. (6) (black dashed
lines). (d) Electronic current through the junction.

underlines the importance of the γph parameter for vibrational
heating and instabilities6,7,40 in nanoscale junctions.

OPV3 junction. In the remaining part of the Rapid Com-
munication, we present first-principles based calculations of
the carrier-induced frequency renormalization and vibrational
heating in a junction based on the amine-terminated oligo(3)-
phenylenevinylene (OPV3) molecule [see Fig. 1(a)], where
frequency shifts of the order of ∼1 meV, spectral broadening,
and significant heating have been observed experimentally
with increasing bias voltage.4 The frequency shifts were so far
ascribed4 to a vibrational Stark effect.41 However, calculations
of ours of the vibrational frequencies in the presence of an
electric field do not support this interpretation.34

In our model of the OPV3 junction, transport through
the LUMO of the OPV3 molecule positioned off resonant
(ε0 = 0.5 eV) with respect to the equilibrium chemical
potentials of the leads (μL/R = ±V/2) and coupled sym-
metrically to the contacts (�L/R = 0.2 eV) is assumed.42

The next molecular level lies ∼1 eV above the LUMO
and can hence be neglected. The vibrations and el-vib
interactions have been obtained from first principles for
the isolated OPV3 molecule,34 thus neglecting direct ef-
fects from the leads. With few exceptions, the quadratic
couplings, which are of the order of |M (2)

λλ′ | ∼ 0–10 meV,
are found to be negative, corresponding to frequency softening
upon charging of the LUMO. This is in good agreement with a
recent study of charging-induced frequency shifts in molecular
junctions.43

Figure 3 shows the bias dependence of the vibrational
spectral function A(ω) for the OPV3 junction. We focus here
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FIG. 3. (Color online) Vibrational spectral function A(ω) for the
amine-terminated OPV3 molecule as a function of bias voltage. In the
magnified center plot, the unperturbed frequencies ωλ of the isolated
molecule (vertical dashed lines) and the linear el-vib couplings M

(1)
λ

are indicated for the modes with the strongest el-vib interaction. Only
the projection of the spectral function onto vibrations with significant
el-vib coupling (|M (1)

λ | > 5 meV) is shown.

on the high-energy vibrations (ωλ > 140 meV), but note that
the low-energy part of the spectral function shows a similar
bias dependence.34 Overall, the calculated spectral function
reproduces44 the features in the Raman spectra of Fig. 3(b) of
Ref. 4. The spectral lines show clear mode softening of up to
∼2 meV with increasing bias voltage (for HOMO dominated
transport, however, many of the spectral lines show mode
hardening34). This is a result of partial charging and screening
that follows as the chemical potential of the left lead moves
into the broadened LUMO resonance. The relative magnitude
of the two effects is sensitive to the level alignment and lead
broadening in the junction. Here, they contribute comparably
to the frequency renormalization. The eh-pair damping that
accompanies screening gives rise to pronounced broadening
of some of the spectral lines. This effect correlates with the
strength of the linear el-vib interaction M

(1)
λ , which is indicated

in the center panel of Fig. 3 for the modes with the strongest
interaction. At zero bias, the spectral peaks for these modes are
shifted from the frequencies of the isolated molecule (vertical
dashed lines) due to (equilibrium) charging and screening.
At large bias voltages, el-vib mediated mode-mode couplings
result in a nontrivial bias dependence of some of the closely
lying spectral lines.

In Fig. 4 we show the effective nonequilibrium temperature
Teff from Eq. (6) for the OPV3 modes marked with dashed
lines in the center panel of Fig. 3. Above the emission

l
. . . . . .

FIG. 4. (Color online) Effective nonequilibrium temperature Teff

from Eq. (6) (γph = 1 meV) for the OPV3 modes marked with dashed
lines in the center panel of Fig. 3.

threshold at eV = h̄ω̃λ, the temperature of the vibrations jumps
to several hundred Kelvin. For the ωλ = 201.7 meV mode,
the temperature is in good agreement with the one for the
mode with similar energy reported in Fig. 3(a) of Ref. 4.
Comparing to Fig. 2(c), the approximate linear increase in the
effective temperatures above the emission threshold is seen to
correspond to the initial nonlinear increase in the occupation.

Conclusions. In summary, we have studied carrier-induced
vibrational frequency renormalization, damping, and heating
originating from the microscopic eh-pair excitation processes
governing these observables. In junctions characterized by
� � ε0,V where the effects are most pronounced, a strong
correlation with nonlinear vibrational heating and the onset of
current results (see Fig. 2). Such heating is inherent to junctions
where the current is carried by a full electronic resonance and
underlines the importance of eh-pair processes for the damping
of vibrational heating. We have further shown that the voltage
dependence of the Raman shifts and linewidths observed for
an OPV3 molecular junction in Ref. 4 is not consistent with
the originally proposed static Stark shift but can be explained
by carrier-induced charging and screening effects.
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6R. Härtle and M. Thoss, Phys. Rev. B 83, 125419 (2011).
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