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The interaction of individual electrons with vibrations has been extensively studied. However, the nature
of electron-vibration interaction in the presence of many-body electron correlations such as a Kondo state
has not been fully investigated. Here, we present transport measurements on a Copper-phthalocyanine
molecule, suspended between two silver electrodes in a break-junction setup. Our measurements
reveal both zero bias and satellite conductance peaks, which are identified as Kondo resonances with
a similar Kondo temperature. The relation of the satellite peaks to electron-vibration interaction is
corroborated using several independent spectroscopic indications, as well as ab initio calculations. Further
analysis reveals that the contribution of vibration-induced inelastic current is significant in the presence of a
Kondo resonance.
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The Kondo effect is one of the most intensely studied
many body phenomena, both experimentally and theo-
retically [1,2]. Although the basic Kondo exchange
process was initially described in the 1960s and 1970s
[3–6], new fascinating aspects are emerging to this day,
including the orbital Kondo effect [7,8], the influence of
Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions
[9,10], and the interplay between Kondo physics and
superconductivity [11]. The Kondo effect has also been
observed in molecular junctions, in which a molecule is
located between two metallic electrodes [12–15]. In this
system the localized magnetic moment on the molecule
is screened by an exchange process with the itinerant
electrons of the electrodes. This process leads to an
enhanced density of states at the Fermi energy due to
the emergence of the Abrikosov-Suhl resonance, observed
in differential conductance measurements as a peak at
zero-bias voltage. With the aid of molecular junctions,
intriguing aspects of Kondo physics were explored such as
the underscreened Kondo effect [16,17], the distribution
of Kondo screening over different submolecular segments
[18], and the influence of nearby molecules [19].
One of the attractive features of single-molecule junc-

tions is the ability to couple molecular vibrations to
conduction electrons [20]. In this context, molecular
junctions are a natural platform for studying electro-
mechanical interactions in the quantum regime. When
an applied voltage across a molecular junction exceeds the
energy of a given mode of vibration, this mode can be
excited by the injected electrons. For a weak electron-
vibration interaction in the off-resonance regime, an
electron can scatter forward by exciting a vibration mode,

resulting in an additional contribution to the current.
Experimentally, this inelastic contribution manifests as
a stepwise increase in the measured differential conduct-
ance at a voltage equivalent to the vibration energy [21].
This spectroscopic feature is commonly used to indicate
the presence of a molecule in the junction as well as to
chemically identify the molecule [22,23].
While a large body of experimental and theoretical

findings addressing the interaction between independent
electrons and vibrations is available, the understanding of
electron-vibration interaction in correlated-electron sys-
tems has remained limited. Previously reported experi-
ments detected a zero-bias Kondo peak in the differential
conductance accompanied by satellite peaks at finite bias
[24–26]. These features were often ascribed to the vibration
assisted Kondo resonance for which the excess energy of
the electrons due to a finite voltage is compensated by
activating a vibration mode. However, establishing an
explicit relation between vibrations and the Kondo effect
remains an elusive challenge and the properties of electron-
vibration interaction in the presence of such a many-body
electron state were not addressed experimentally despite
many theoretical studies [27–29].
In this Letter, we use molecular junctions based on silver

(Ag) electrodes and copper-phthalocyanine (CuPc) mole-
cules to identify the spectroscopic signature of electron-
vibration interaction in the presence of a Kondo effect.
This is confirmed by the evolution of satellite peaks to
vibration-induced conductance steps when the Kondo
resonance is suppressed. Furthermore, the nonmonotonic
response of the satellite peaks to junction elongation
reveals a typical signature of a vibration mode, as verified
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by calculations. We find (i) a dominant influence of the
Kondo effect on the evolution of the satellite peaks as a
function of temperature and (ii) a substantial conductance
contribution due to the vibration assisted Kondo effect with
respect to the conductance of the zero-bias Kondo resonance.
The studied molecular junctions were fabricated in a

mechanically controllable break-junction (MCBJ) setup
[30] allowing a stable, subatomic control over the distance
between the electrodes. Such changes were used before to
modify both the manifestation of Kondo physics [25] and
the activation of vibrations in atomic scale junctions
[23,31,32]. The break junction samples were made of a
silver wire segment (99.997%, GoodFellow), partially
cut in the middle and attached to a flexible substrate.
The samples were mounted into a vacuum chamber that
was pumped and cooled to cryogenic temperature. The
weak spot in the center of the wire was broken in cryogenic
vacuum to expose ultraclean electrode apices. The bare
silver atomic junction was characterized by recording
conductance vs junction elongation for thousands of
repeatedly formed contacts (see Supplemental Material
[33]) and inelastic spectroscopy measurements [Fig. 1(a),
blue]. CuPc molecules (99.95%, Sigma-Aldrich, further
purified in situ) were introduced to the contact by con-
trolled sublimation from a local source. The formation
of molecular junctions was monitored by detecting con-
ductance values below ∼1G0, the typical conductance of a
bare silver atomic contact, and verified using inelastic

spectroscopy to detect molecular vibrations in bias voltages
above the phonon spectrum of the metal [47].
After admission of molecules into the junction, a

prominent zero-bias peak was observed in 30% of the
independently formed junctions, in most cases accompa-
nied by two satellite peaks at finite bias [Fig. 1(a), black].
Since CuPc is known to have a spin 1=2 both in the gas
phase as well as in epitaxial layers [48], and Kondo
resonance was observed for CuPc adsorbed on a silver
substrate in STM experiments [49], the Kondo effect is a
possible source for the observed peak at zero bias. In order
to test this possibility, we collected differential conductance
spectra of 186 independently formed junctions measured at
different temperatures and magnetic fields. The average
conductance at zero bias and the full width at half-
maximum (FWHM) of the zero-bias peak follow the
appropriate functional dependence with temperature for a
spin 1=2 Kondo impurity [50,51]:

GðT; V ¼ 0Þ ¼ α

½1þ ð T
TK
Þ2ð2 1

0.22 − 1Þ�0.22 ð1Þ

e2

8k2B
ðFWHMÞ2 ¼ ðπTÞ2=2þ T2

K ð2Þ

with Kondo temperatures of TK ¼ 21� 5 K and TK ¼
22� 5 K, respectively [see the fitting in Figs. 1(b)
and 1(c)].
As shown in Fig. 2(a), application of an external

magnetic field perpendicular to the junction axis results
in a notable increase in the average FWHM of the zero-
bias peak. While a clear peak splitting was not observed
due to the high temperature, Fig. 2(b) shows that at a
magnetic field of 8.5 T, the zero-bias peak can be fitted by
the sum of two Lorentzian functions, each with a FWHM
of 6 mV, which are separated by 3.14 mV as expected for
single molecule junctions with spin 1=2 Kondo resonance
[12]. The evolution of the zero-bias peak as a function
of temperature and applied magnetic field indicates that
spin 1=2 Kondo correlations are the source of the zero-
bias peak.
The appearance of satellite peaks accompanying the

zero-bias Kondo resonance suggests that the Kondo effect
plays a dominant role in the formation of these features.
To examine our hypothesis, we analyzed the influence of
temperature on the properties of the satellite peaks. As can
be seen in Fig. 1(d), the decrease in the conductance of the
satellite peaks with increasing temperature is described
remarkably well by Eq. (1). Based on this fitting, the
extracted Kondo temperature for the satellite peaks is
25� 5 K, which is similar to the Kondo temperature
obtained for the zero-bias peak. We note that this analysis
excludes the mechanism of a vibration-induced two-level
system as the origin of the finite bias peaks [52,53].
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FIG. 1 (color online). (a) Typical differential conductance
spectrum obtained before (blue) and after (black) admission of
CuPc molecules to the silver atomic junction. (b) Full width at
half maximum (FWHM) of the zero-bias peak as a function of
temperature. The curve is a fit to Eq. (2). (c) Average conductance
of the zero-bias peak (GZB) as a function of temperature. The
curve is a fit to Eq. (1). (d) Average conductance of the satellite
peaks (GS) as a function of temperature. The curve is a fit to
Eq. (1) combined with an offset due to the background conduct-
ance of the zero-bias peak. Error bars indicate the standard error
of the data set obtained on an ensemble of junctions at each
temperature.
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In order to further study the origin of the satellite peaks,
we focused on differential conductance spectra measured
on an ensemble of independently formed molecular junc-
tions. In 31 junctions, when the zero-bias peak was sup-
pressed, as seen in Fig. 3(a), we observed conductance
steps at voltage values corresponding to the satellite peaks
[Fig. 3(b)]. Such an increase in the conductance as a
function of voltage is a typical signature of vibration

activation in the off-resonance conduction regime [21].
The presented vibration-induced conductance steps were
observed for junctions with different conductance values,
indicating that the excitation of the relevant vibration
mode is not significantly susceptible to variations in the
configuration of the junction. Moreover, evolution of
conductance steps into satellite peaks at the same voltages
was observed when the junctions were stretched [e.g.,
Fig. 3(c)], indicating a probable common origin for both
features. This evolution can stem from conformational
changes in the molecular junction as a result of stretching.
Note that similar switching of a zero-bias Kondo effect
due to conformational changes was previously observed
both in STM [54] and MCBJ experiments [25,55].
To further establish the relation between the satellite

peaks and molecular vibrations, we focus on the evolution
of differential conductance spectra as a function of junction
elongation. Figure 4(a) presents a subset of differential
conductance curves for increasing interelectrode distances.
As can be seen in Fig. 4(b), when the junction is stretched
in steps of 0.25 Å the satellite peaks shift to higher voltage,
up to a certain elongation. However, this tendency is
inverted when the junction is stretched further; the satellite
peaks are then shifted to lower voltage. Remarkably, a
similar response to junction stretching can be expected for a
vibration mode. Stretching the junction leads to enhance-
ment of the vibration frequency in analogy to the increase
of the pitch of a guitar string under tension [23]. This results
in an increase of the onset voltage for vibration activation
[57]. Further stretching eventually weakens the bonds
between the molecule and the electrodes, leading to a

FIG. 2 (color online). (a) Dependence of the average zero-bias
peak FWHM on external magnetic field. (b) Fitting of a zero-bias
peak, obtained in an external magnetic field of 8.5 T, by the sum
of two Lorentzians. Both the separation and the FWHM result
from automatic fitting without any preset boundaries. The sum
(dashed, red line) of the individual Lorentzians (dashed, black
line) with a FWHM of 6 mV, separated by 3.14 mV, fits with the
zero-bias peak with a FWHM of 8.5 mV.
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FIG. 3 (color online). Differential conductance curves vs applied
voltage, measured on independently formed Ag/CuPc molecular
junctions. (a) Finite-bias steps appear when the zero-bias peak
is absent. (b) Finite-bias peaks appear only as satellites in the
presence of a zero-bias peak. Note that the differential conduc-
tance curves exhibit some asymmetry, probably due to conduct-
ance fluctuations [56]. (c) Evolution of a differential conductance
spectrum when the junction is stretched by 0.08 Å.
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FIG. 4 (color online). (a)A sequence of differential-conductance
curves taken at increasing interelectrode distances. The curves
are shifted by 0.05G0. (b) Averaged voltage of the satellite
peaks in each curve [exemplified in (a)] as a function of inter-
electrode separation. The data of the full stretching sequence is
presented in (b), while (a) presents only some of the curves for
better clarity. The error bars indicate deviations from the average.
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decrease in the vibration energy and hence a decrease in
onset voltage for vibration activation [23,31].
The structure of the junction and the corresponding

vibration modes were analyzed using ab initio calculations.
In the gas phase the CuPc molecule carries a spin 1=2
moment in a singly occupied orbital b1g, localized near the
copper center [58,59]. In contrast to the case of CuPc
adsorbed on a Ag (100) surface [18], we find no significant
charge transfer to the molecule, and the gas-phase elec-
tronic structure remains intact even after coupling to the
electrode apices [33]. Hence, the experimental observation
of the Kondo effect is expected. Out of the 20 candidate
vibration modes in the relevant energy window of
10–35 meV, a specific mode was singled out based on
(i) the study of vibration coupling to the b1g orbital in the
gas-phase CuPc, and (ii) the analysis of stretching depend-
ence of vibrations in the molecular junction. In essence, the
D4h point group symmetry of the molecule implies a number
of selection rules for the electron-phonon matrix elements of
the b1g orbital. Consequently, out of all vibration modes in
the relevant energy window, there is only one mode, A1g,
[see Fig. 5(a)], with energy of ℏΩ0 ¼ 31 meV and a sizable
electron-phonon coupling λ0 ¼ 6 meV.

To inspect the stretching dependence of vibration
frequencies, we have considered the relaxed structure in
Fig. 5(b), comprising the molecule bound to a pair of Ag
pyramids [33]. In energetically favorable configurations the
molecule binds to the Ag electrodes via the nitrogen atoms,
restricting the possible orientations of the molecule in the
junction. We have increased the apex-to-apex distance in
successive steps and traced the behavior of vibrations, as
presented in Fig. 5(c). Although theD4h symmetry is lifted,
most of the junction modes retain their gas-phase character.
Thus, stretching can be understood as an adiabatic flow of
the vibration spectrum. The relevant mode, previously
attributed to the gas phase A1g, shows a nonmonotonic
energy shift, of at least 2meV,with a pronouncedmaximum,
qualitatively reproducing the experimental observation.
The vibration energy is approximately 10 meV higher
as compared to the experimental data. We attribute this
difference to (a) simplification in our electrodemodel,which
lacks elasticity, and (b) to the more fundamental uncertainty
of any density functional theory based estimation of atomic
forces due to the approximate nature of the exchange-
correlation functionals. For more information regarding
the response of vibration modes with different symmetries
to junction stretching, see [33].
To summarize up to this point, our analysis indicates that

molecular vibrations coexisting with Kondo screening play
a central role in the formation of the satellite peaks. The
good agreement of Eq. (1) with our results suggests that
within the experimental resolution, the participation of the
vibration degree of freedom does not have a significant
effect on the temperature dependence of the conductance at
the satellite peaks. This weak dependence on temperature
holds for kBT < 0.1ℏω (ℏω ≈ 20 meV being the vibration
mode energy), as was also shown for the amplitude of
vibration-induced steps in the absence of Kondo screen-
ing [60,61].
Interestingly, we find that the inelastic conductance due

to vibration activation is considerably large in the presence
of Kondo screening. In the absence of the Kondo reso-
nance, the fraction of inelastic conductance is approxi-
mately determined by the ratio between the height of the
conductance step and the zero-bias conductance values
[60,62]. Performing this analysis on curves exhibiting a
step yields an average value of 13� 1%, which is similar to
previous observations in single molecule junctions [63].
For junctions exhibiting both zero-bias and satellite peaks,
the ratio between the amplitudes of the two types of peaks
provides the ratio of the inelastic vibration-assisted Kondo
conductance with respect to the elastic Kondo conductance.
By analyzing the ensemble of differential conductance
curves exhibiting both peaks, we find this ratio to be
26� 3%. This suggest that the electron-vibration interac-
tion can be significant when Kondo screening emerges.
To conclude, we find clear indications for a vibration

assisted Kondo effect in Ag/CuPc molecular junctions. The

FIG. 5 (color online). Theoretical analysis of molecular
vibrations. (a) Ball-and-stick model of CuPc (hydrogen is
white, carbon is gray, nitrogen is blue, and copper is orange).
In the background we show the b1g molecular orbital, that
carries the Kondo-screened magnetic moment. Because of
selection rules, only the A1g vibrational mode has a significant
electron-phonon coupling matrix element; the atomic displace-
ments (scaled by ×10) of this eigenmode are shown with green
arrows. (b) Ball-and-stick representation of the structure used to
investigate the vibrations of CuPc in the junction (silver-large
gray circles). (c) Flow of vibration frequencies of the junction
presented in (b) at 6 successive elongations. The horizontal axis
denotes the apex-to-apex distance. For vibrations with distinct
character, the Mulliken symbol of the corresponding gas-phase
CuPc mode is shown to the left. Modes with a markedly in-plane
character are shown as green circles; modes with a markedly
out-of-plane character are shown as red squares; modes without
defined character are shown as black triangles.
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presented study reveals the properties of electron-vibration
interaction in a Kondo correlated electron system. In
particular, we find a similar Kondo temperature for the
zero-bias Kondo resonance and the vibration assisted
Kondo process and a significant inelastic contribution to
the Kondo conductance. We hope that our observations
will stimulate further investigations, theoretical as well as
experimental, of Kondo impurities that are coupled to
bosonic baths.
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