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We report a point-contact spectroscopy investigation of aluminium
atomic-size contacts produced with the help of the mechanically controllable
break-junction technique at low temperature. The derivatives of the differential
conductance traces (d2 I /dV 2 versus V ) display point-symmetric structures at
certain voltage values, which move upon stretching the contact. These excitations
may give rise to either enhancements or reductions of the conductance,
indicating that they couple to highly or weakly transmissive electronic channels,
respectively. By analyzing the sign of the conductance change and the strain
dependence of the amplitudes and the energies we suggest that transverse as
well as longitudinal vibronic modes are detected in the transport through singleatom contacts. Our findings are in agreement with symmetry arguments for the
coupling of electronic and vibronic excitations.
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1. Introduction

Since the development of point-contact spectroscopy (PCS) in the 1980s this technique has
been successfully applied to the detection of phonons and magnetic and superconducting
excitations [1] of metals by using the point contact for probing bulk properties. In those
experiments the second derivative of the current–voltage characteristics d2 I /dV 2 is enhanced
at voltages corresponding to the energy of the excitation. In the case of phonons the d2 I /dV 2 spectra reflect the shape of the Eliashberg function α 2 F(), where α is the electron–phonon
coupling constant and F() is the phonon density of states [1]. As an example the calculated
phonon density of states of Al and PCS data of Al point contacts are shown in figure 1.4
Recently, PCS has been extended to smaller contacts and even to the detection of vibronic
modes of single molecules. In these experiments, local effects of the contact itself are probed by
the voltage drop across the contact. In this paper, we extend the existing experimental studies on
contacts of monovalent metals to the multivalent metal Al. The new physics which is addressed
here is whether transverse vibronic modes may be excited by the transport electrons.
There exist mainly three methods for making contacts through molecules or single atoms.
Firstly, scanning tunneling microscopy (STM) and spectroscopy (STS) [3]; secondly, electromigrated contacts [4] and thirdly, the method of the mechanically controllable break junction
(MCBJ) [5]. This latter technique interpolates between the tunability of the STM method and the
stability of the electro-migrated method and is thus very suitable for systematic manipulations
of a particular atomic-size contact or the very same single-molecule contact. Furthermore with
the MCBJ technique, a continuous variation from the tunnel limit to the good-contact limit like
in classical PCS experiments is possible which enables both limiting cases to be addressed.
Agraït et al [6] have studied inelastic excitations of single-atom wide gold chains fabricated
with the help of a scanning electron microscope by analyzing d2 I /dV 2 spectra. The authors
found signatures of the excitation of vibrational modes of the chains which revealed themselves
as minima in the d2 I /dV 2 spectra (for positive polarity). These structures moved to lower
voltages and thus lower energies when stretching the wires. This fact was used to identify them
as being longitudinal vibronic modes of the atomic contact. Simultaneously their amplitude
increased. The shift in energy of several milli-electronvolt as well as the sign of the feature
and the amplitude increase were almost quantitatively accounted for by two independent
approaches, namely a density functional model [7] and a tight-binding model in combination
with non-equilibrium Green’s functions [8], respectively. Although the chains also reveal
4
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Figure 1. Point-contact spectrum of an Al point contact measured at 1.8 K (data

used with permission from [1]) and calculated phonon density of states (adapted
from [2]). TO: transverse optical phonon mode, LO: longitudinal optical phonon
mode. Inset: conductance histogram of an Al MCBJ calculated from 33 closing
curves measured at 10 K in UHV.

transverse modes at similar energies they are not excited by the transport current due to the weak
electron–phonon coupling to these modes. Unfortunately, it is not straightforward to apply these
theoretical findings to more complex geometries and/or to metals with more than one electronic
mode which might couple to the vibronic excitations. We here present an experimental study
of single-atom contacts of the multivalent metal Al, which are known to reveal more than one
transport channel with different symmetry, in order to stimulate theoretical investigations.
The observation of vibronic modes in the transport has also been reported for molecules.
Transverse as well as longitudinal vibronic modes have been reported by Smit et al [9]
and Djukic et al [10] for a hydrogen molecule. The successful formation of a contact
of a single hydrogen molecule between platinum electrodes was unambiguously proven
by the observation of dips (for positive polarity) in the second derivative d2 I /dV 2 of the
current–voltage characteristics at voltages V corresponding to the energies eV = h̄ωvib of
several fundamental modes of the molecule. The authors used MCBJ electrodes and showed
that the conductance was governed by a single quantum mechanical transport channel with
almost perfect transmission τ w 1. They detected longitudinal vibrational modes as well as
transverse modes of the molecule, both of which appeared as reduction of the conductance.
On the other hand, when performing STS on molecules on surfaces, all molecular excitations
(with non-vanishing coupling constant) appear as enhancements of the differential conductance
dI /dV [11, 12]. The interpretation of these findings is straightforward: when electrons are
scattered off a perfectly transmitted channel, the only possible outcome is a reduction of its
transmission, while in the tunnel situation the current can be considerably enhanced by the
creation of inelastic excitations [13, 14] in accordance with measurements on other small
molecules [15, 16], in which the transition between the two limiting cases has been studied.
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In a previous work, we used gold MCBJs for studying the vibronic modes of the fullerene
molecule C60 . While two particular vibronic modes could be detected by a careful symmetry
analysis of the d2 I /dV 2 spectra, the observation of phonon or vibron modes of the Au
contacts themselves was hindered by the presence of pronounced conductance fluctuations
on comparable energy scales [17]. This complication is less important for Al which reveals
conductance fluctuations with only small amplitude.
2. Experimental

The experiment is performed along the lines of [17]. The breaking mechanism is mounted on a
continuous flow cryostat and placed in a ultra-high vacuum (UHV) chamber. The fabrication of
the electrode device follows the standard process for lithographic MCBJs [18]. A 100 nm thick
Al layer on a spring steel substrate is used as electrode material. The Al is electrically isolated
from the substrate by a polyimide layer. After establishing electrical contacts to the sample it is
mounted into the breaking mechanism and transferred into the vacuum chamber. After pumping
and cooling down to ≈10 K the pressure gauge reads a pressure in the region of 10−8 Pa, but the
pressure in the vicinity of the sample, which is enclosed in a radiation shield, is expected to be
at least two orders of magnitude lower.
Measurements of the opening and closing curves were performed with a source-measure
unit, which enables resistance measurements from the closed bridge (few ) up to T. With
‘opening’ and ‘closing’ curves we denote the recording of the conductance versus distance
(motor position) of the electrodes. Histograms can be constructed from adding these opening
and closing curves. The spectroscopic measurements of the dI/dV’s were performed with a
standard lock-in amplifier. The signals were pre-amplified by a variable gain preamplifier
allowing the recording of dI/dV’s in a range of k to G. To relate the motor movement to the
distance variation of the electrodes the reduction ratio was determined as usual by measuring the
distance variation of the tunneling current [5]. This procedure when used for the determination
of the stretching length of atomic chains or molecules typically overestimates the stretching of
the nanoobject because also the freestanding parts of the metallic banks are stretched [19]. We
show here data collected on one MCBJ during the same cool-down run. Similar findings were
recorded for two further samples, each of them giving rise to five to ten single-atom contacts
revealing differential conductance traces with symmetric structures like those reported here. In
most cases the symmetric structures can be followed for an elongation in the order of 0.1 Å.
3. Results

At low temperature the electrodes are broken for the first time to form a tunnel contact. Then the
electrodes are characterized by measuring opening and closing curves, calculating conductance
histograms, and through spectroscopic measurements in the tunneling regime as well as in
the single- or few-atom regime. The histograms show peaks at G ≈ 0.8G 0 and slightly below
G ≈ 2G 0 . Another rather weak peak is observed around G ≈ 3G 0 (see inset of figure 1). The
peak at G ≈ 0.8G 0 can be attributed to the Al single-atom contact. The peak at G ≈ 0.8G 0 is
broader like the corresponding peak in typical gold histograms [5, 20].
The upper panel of figure 2 shows dI/dV curves of a single-atom contact in the conductance
range between 0.5G 0 < G < 0.8G 0 when elongating the contact by about 0.3 Å. The distance
axis has been set arbitrarily to zero after having jumped into this configuration from a much
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Figure 2. Top panel: selected differential conductance curves of a single-atom

Al contact measured at 10 K for different electrode distances. The distance
axis has been set arbitrarily to zero after having jumped into this configuration
from a much higher conductance value. The linear conductance increases when
stretching the contact. Center: numerical derivative d2 I /dV 2 of the curves shown
in the top panel. Bottom panel: false-color plot of all d2 I /dV 2 curves recorded
on the same contact as the data in the central panel. Green areas have average
values, yellow, red and white (blue and black) areas indicate small (big) values
of d2 I /dV 2 .
higher conductance value. The lower purple curve was recorded first and subsequently dI/dV
curves were measured when continuously opening the contact by steps of about ≈0.026 Å.
Apparently, the linear conductance increases upon opening. This reflects the typical shape
of the opening curves of Al, i.e. a sawtooth-like shape which widens the peaks in the
histogram [21]–[23]. When stretching further, the contact is broken to the tunnel regime.
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The dI /dV ’s show configuration-specific conductance fluctuations of low amplitude if
compared with findings on Au contacts [17], which remain stable upon movement of the
motor within a plateau, i.e. before a reconfiguration of the contact occurs which in most cases
goes along with an overall change of the linear conductance. The period of the conductance
fluctuations lies in the range 10–20 mV. These conductance fluctuations are produced by the
interference of different electronic paths which are backscattered at the atomic contact or the
electrodes [24, 25]. The shape of the conductance variations on a voltage range of ≈20 mV
remains unchanged when stretching the contacts, which means that the configuration on a length
scale of ≈50 nm remained unchanged. Thus, the signature of the fluctuations is: (1) there is no
particular symmetry. (2) They do not vary upon slightly changing the strain of the contact unless
atomic rearrangements do occur. However, inelastic excitations, like vibrons or phonons may
have typical energies of the same size. In order to separate both effects we show in the central
panel of figure 2 the derivatives of the traces of the top panel, since vibrons and phonons reveal
themselves as anti-symmetric contributions in the d2 I /dV 2 curves at the energy of the mode.
Clearly, a peak around 11 mV and anti-symmetrically a minimum around −11 mV can be seen
after establishment of the contact. Upon opening of the contact, the amplitude of these structures
decreases until eventually structures with opposite sign appear around ±5 mV. The features
at higher voltages are not anti-symmetric and thus can not clearly be attributed to vibrational
excitations. The fact that in the positive polarity a particular excitation shows up as a peak means
that the conductance is enhanced by that excitation.
A closer look at the evolution of the peaks in figure 2 reveals a shift of the peak position to
higher energies upon opening of the electrodes, i.e. stretching the contact. This behavior is expected for transverse modes [9, 10]. The energy of 11 meV is about a factor of two smaller than
the lowest peak of the phonon density of states of Al [1, 2] (see figure 1). As mentioned before,
a softening of the (longitudinal) modes by approximately 5–7 meV Å−1 has been found for Au
chains with a tendency to show smaller energies for short chains [6]. In our experiments also the
average energy of the modes is reduced as compared with the bulk phonons while the energy
change as a function of strain is of similar size (3–10 meV Å−1 ). The reduction of the average
phonon energy is in qualitative agreement with the results of Schommers and Rieth [26] who
calculated the phonon density for an Al cluster consisting of 500 atoms at various temperatures.
In summary, we conclude that the structure observed in figure 2 reflects the excitation of
a local, transverse vibronic mode of an atomic chain or small cluster in the contact region.
Furthermore the amplitude of the structure decreases, again in accordance with the observations
of [9, 10] for transverse modes. The additional structure observed around 23 mV, which is
most prominent at positive polarity as a maximum and does not evolve upon stretching of
the contact, could possibly be a signature of the bulk transverse optical (TO) phonon mode,
which is accidentally hidden at the negative polarity by a conductance fluctuation. However,
this cannot unambiguously proven, because conductance fluctuations could also give rise to
a strain-independent modulation of the differential conductance as found for Au single-atom
contacts [17, 24, 25]. In the very stretched situation, an additional mode with an energy around
5 meV starts to develop. The sign of the structure in the d2 I /dV 2 curve is opposite to the one of
the modes at 11 mV. With our limited database, however, we can not detect whether this mode
tends to harden or to soften upon further stretching. Since, however, it appears simultaneously
for both polarities, it can be attributed to a vibronic excitation.
Similar measurements of a contact with a higher conductance of G = 1.15G 0 are displayed
in figure 3. It depicts a selection of differential conductance curves upon closing of a contact
New Journal of Physics 11 (2009) 013036 (http://www.njp.org/)
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Figure 3. Top panel: selected differential conductance curves of a single-atom

Al contact measured at 10 K for different electrode distances when closing the
contact. Center: numerical derivative d2 I /dV 2 of the curves shown in the top
panel. Bottom: false-color plot of all d2 I /dV 2 curves recorded on the same
contact as the data in the central panel. Green areas have average values, yellow,
red and white (blue and black) areas indicate small (big) values of d2 I /dV 2 .
by steps of 0.026 Å when entering from the tunneling regime. The arrow in the right of the top
panel indicates the direction of the development of the spectra. The derivatives of these curves
are shown in the central panel of the same figure and in the false-color plot at the bottom.
Two almost point symmetrical features—a dip around +6 mV and a peak around +25 mV—
are observed. Upon closing of the contact, the dip around 6 mV shifts towards higher energies
and the peak at 25 mV shifts to lower energies. The fact that for negative polarity the structures
are observed at slightly different absolute values can be explained by a small voltage offset of
New Journal of Physics 11 (2009) 013036 (http://www.njp.org/)
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the set-up due to thermal voltages in the wiring. The curves were recorded right after closing the
contact from the tunneling regime. It is thus very likely that a short single- or few-atom contact
was formed. The conductance value of G = 1.15G 0 is in the usual range for these structure
sizes. As in the previous example we attribute the mode which softens upon closing (i.e. hardens
upon stretching) to a transverse one. Accordingly, the mode the energy of which increases upon
closing is supposed to be a longitudinal one [10]. Both examples have in common that the energy
of the modes evolve upon deformation of the contact and have thus to be specific for the atomic
arrangement of the central region of the contact. As mentioned before, several contacts have
been found which displayed signatures of vibron excitation, i.e. point-symmetric structures in
the d2 I /dV 2 which move upon deformation of the contact. In all examples, transverse modes—
modes which harden upon stretching—were detected, while longitudinal ones appeared less
often. The transverse modes always gave rise to enhancement of dI /dV , while the longitudinal
appeared as reductions. On a few occasions structures were observed which did not show a clear
energy shift and thus can not be identified as being transverse or longitudinal. For those modes
enhancements as well as reductions of dI /dV occurred. When more than one mode was visible
it always included longitudinal as well as transverse modes. The average energy of the modes
varies from contact to contact, a finding that is in agreement with the pronounced strain- and
structure-size dependence of the modes found for Au [7, 8]. Furthermore, the authors of these
publications predicted several modes, both with longitudinal as well as transverse shape in this
energy range. The transverse modes had considerably lower electron–phonon couplings αT , but
also strong variations were found for the coupling constants αL of the longitudinal modes. Since
we are not aware of any such detailed calculation for Al we only can speculate that more than
one mode exists for Al contacts as well, with the difference that αT has a non-vanishing value.
Obviously, the question arises why no or only weak signatures of the excitation of bulk
phonons are found as usual for the ‘classical’ version of PCS. One reason is of course the
limited probability for the electrons which have interacted with a phonon to be backscattered
into the contact and the incoming electrode. However, observing signatures of both local
excitations and bulk phonons in the same contact is not excluded. As mentioned, it might be
that the strain-independent structure observed at 23 meV in figure 2 corresponds to a phonon
excitation.
4. Discussion

The most important issue to address remains under which conditions the excitations of
mechanical modes give rise to enhanced or reduced conductance, respectively. In the two
examples shown in figures 2 and 3, the excitation of transverse modes appears as enhancement
of dI /dV , while the excitation of longitudinal modes appears as reduction of dI /dV . As
pointed out in the introduction, the transition between the two signs is expected to be around
a transmission of 0.5 for a single-channel contact [13]. The result can roughly be explained by
a phase-space argument: for a transmission larger than 0.5 the probability of an electron being
scattered forward is smaller than that of an electron being back-scattered.
Strictly speaking, this simple argument only holds in the case when a single transport
channel is transmitted. If, however, electrons in a perfectly transmitted channel have the
possibility of being scattered into another electronic channel, enhancement of conductance
would be possible as well. Although no thorough theoretical treatment of inelastic excitations of
multi-channel contacts exist, it is obvious that the probability for these inter-channel scattering
New Journal of Physics 11 (2009) 013036 (http://www.njp.org/)
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processes will not be very significant, if the symmetry of the electronic wave functions of the
channels are different.
It has been shown that a single-atom contact of Al accommodates three channels, the
transmissions of which may change from contact to contact [21]. In contrast to Au, Al does
not have a preference for channel transmissions equal to one [27]. Accordingly, the peaks in
the histogram are presumably more related to favored atomic configurations than to electronic
properties [28]. The best-transmitted transport channel of single-atom Al contacts has the
symmetry of a s–pz hybrid. The transmission τspz of this channel varies considerably between
0.4 and 1.0 depending on the exact arrangement. The remaining two channels are px and p y
like (with rather low transmission τx y < 0.2) and are thus almost linearly independent of each
other (z is the transport direction) [21, 22]. Inter-channel scattering events would need to go
along with a strong change of the wave function which usually results in small scattering
probabilities. As a consequence, a likely scenario for the appearance of reductions as well as
enhancements of dI /dV in multi-channel contacts is the fact that the different vibrational modes
couple to different electronic channels. Another possibility, which we cannot exclude, would be
that the same electronic channel couples to several vibrational modes. However, since in the
experiments on Au only longitudinal modes have been found, this possibility is not backed
by any experimental evidence. Therefore, we shall stick to the notion that the coupling of an
inelastic excitation of a well transmitted channel will result in a reduction of dI /dV while the
opposite holds for a channel with small transmission. Since the amplitude of the structure in
the second derivative is proportional to the contribution of the channel to the current, i.e. the
transmission itself, well-transmitting channels are expected to give rise to strong features. We
do, however, observe that the amplitudes of the dips and peaks are of comparable size. Varying
amplitudes of the dips and peaks can be caused by at least two different effects, one being
the variation of the transmission of the electronic channel, the other being the variation of the
coupling constant. In this view, we suggest that the transverse mode observed in figure 2 at
±11 mV depicts the coupling to a weakly transmitted channel. The excitation around 6–11 mV
in figure 3 is a longitudinal excitation and will presumably be excited by the dominating channel
with τ & 0.5, whereas the phonon excitation at 20–25 mV has a transverse character and will be
stimulated by the channels with τ . 0.5.
From our findings we deduce the following model: the longitudinal modes are
predominantly excited by the coupling to the strongly transmitted s–pz electronic channel with
rather weak electron–phonon coupling constant. The coupling (not the energy!) strengthens
upon stretching—or weakens upon relaxing—as is typical for linear chains [6]. The transverse
modes predominantly couple to the px –p y electronic channel with comparatively strong
coupling constant. These findings are in accordance with simple symmetry considerations which
have been used for predicting electron–vibron coupling in molecules [29, 30]: a longitudinal
vibration mainly affects the overlap of the electronic wave functions in the z-direction, while
the transverse vibrations influence the electronic channels which have a transverse character as
well. The amplitudes of the transverse modes evolve inversely to the longitudinal modes, i.e.
they become weaker upon stretching as found earlier for small molecules [9]. When assuming
a typical distribution of the transmission values of single-atom Al contacts onto the three
contributing modes, we can roughly estimate the ratio between the electron–phonon coupling
constants for the transverse and longitudinal modes. For the contact shown in figure 3, with a
total conductance of G = 1.15 we assume τspz = 0.75 and a twofold degenerate τx y = 0.2 [21],
i.e. roughly 60% of the current would be carried by the longitudinal mode. The ratio of
New Journal of Physics 11 (2009) 013036 (http://www.njp.org/)
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the amplitudes of the transverse excitation to the longitudinal varies between roughly 10 : 1
at the beginning and roughly 5 : 1 at the end. This estimation thus yields a 10–20 times
stronger electron–phonon coupling constant for this particular transverse mode than for this
particular longitudinal mode and for the given electronic channels. The equivalent estimation
for the contact discussed in figure 2 in stretched state with the values τspz = 0.5, τx y = 0.1,
amplitude ratio 2 : 1 yields αT /αL = 5 and even much higher values in the non-stretched
situation. However, the estimation neglects the reduction of the conductance changes for
electronic channels with moderate transmission [13]. As a robust result remains the fact that
transverse vibronic modes of an atomic contact can be observed in the transport. Since they
were not observed on contacts of monovalent metals with only s-character and because of their
spectroscopic sign, we conclude that they are excited by electronic channels with transverse
character as well.
5. Summary

In conclusion, we demonstrated that in atomic size contacts of multivalent metals longitudinal
as well as transverse vibrations can be excited by electrons. The symmetry of the excited
mode reflects the symmetry of the electronic channel to which it couples. To be specific,
the transverse modes couple to transverse electronic modes and the longitudinal modes to
longitudinal electronic modes. The energies of the vibrons depend on the exact contact geometry
and may differ markedly from the bulk phonon energies. On only few occasions are local
vibrational modes as well as bulk phonons detectable in the very same contact. The possibility
to excite or suppress local vibrational modes and to tune their energies is important for the
understanding of heating of atomic-size structures and for high-current applications of such
devices. A quantitative understanding of the observed vibronic energies and amplitudes requires
a detailed quantum calculation, which does not exist so far.
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