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Conductance saturation in a series of highly
transmitting molecular junctions

T. Yelin', R. Korytar?, N. Sukenik’, R. Vardimon', B. Kumar3, C. Nuckolls3, F. Evers? and O. Tal™*

Revealing the mechanisms of electronic transport through metal-molecule interfaces is of central importance for a variety
of molecule-based devices. A key method for understanding these mechanisms is based on the study of conductance versus
molecule length in molecular junctions. However, previous works focused on transport governed either by coherent tunnelling
or hopping, both at low conductance. Here, we study the upper limit of conductance across metal-molecule-metal interfaces.
Using highly conducting single-molecule junctions based on oligoacenes with increasing length, we find that the conductance
saturates at an upper limit where it is independent of molecule length. With the aid of two prototype systems, in which the
molecules are contacted by either Ag or Pt electrodes, we find two different possible origins for conductance saturation. The
results are explained by an intuitive model, backed by ab initio calculations. Our findings shed light on the mechanisms that

constrain the conductance of metal-molecule interfaces at the high-transmission limit.

metal-molecule interfaces is essential for controlling a

large variety of molecular-based devices such as organic
light-emitting diodes', nanoscale organic spin valves” and single-
molecule switches®. One of the primary experimental methods to
reveal the mechanisms behind electronic transport through metal-
molecule interfaces is the study of conductance as a function of
molecule length in molecular junctions*™?. Previous studies focused
on transport at the coherent tunnelling or hopping regimes, both
characterized by low conductance. However, the upper limit of
conductance across molecular junctions has not been explored,
despite the great potential for efficient information transfer,
charge injection and recombination processes at high conductance.
To study the conductance characteristics of highly transmitting
molecular junctions, strong electronic coupling is required between
the molecule and the electrodes, as well as within the molecule
itself>1*1*1>, These conditions are achieved in this work by direct
hybridization between the m-orbitals of oligoacene molecules
and the frontier orbitals of metal electrodes, without employing
anchoring groups such as thiols that can act as spacers between
the orbitals of the molecular backbone and the frontier orbitals
of the metal*'*. The oligoacenes (Fig. 1a) are linear 7 -conjugated
molecules that can be viewed as short graphene nanoribbons'é,
whose electronic structure is subject to ongoing research'’. Here, we
study the evolution of conductance as a function of molecule length
and compare the conductance characteristics of two prototype
systems based on either Ag or Pt electrodes. Whereas Ag has mainly
frontier s-orbitals available for conductance, Pt has also prominent
frontier d-orbitals. Ag/oligoacene junctions yield a non-trivial
conductance trend, where the conductance first increases with
molecule length, followed by the onset of conductance saturation.
For these molecular junctions, the conductance saturation is
ascribed to a competition between energy level alignment and
level broadening. Conversely, the conductance of Pt/oligoacene
junctions is approximately equal to the conductance quantum
(Gy=26*/h~12.9kQ2") and does not depend on the molecule

l | nderstanding the properties of electronic transport across

length. The conductance saturation in this case is attributed to a
robust band-like transport. Our analysis indicates that Ag-based
molecular junctions preserve the fingerprint of the electronic
structure of the molecules and serve as a probe for the interplay
between level alignment and electrode-molecule coupling strength.
In contrast, for Pt-based junctions, the molecular energetic features
are smeared out owing to significant 7 -d hybridization, leading to
high conductance, which is insensitive to variations in the molecular
level structure. These findings pave the way for controlled electronic
transport at the high-transmission limit by manipulating the orbital
hybridization at metal-molecule interfaces.

Experiments are performed in a break-junction set-up'® (Fig. 1a)
at cryogenic temperatures (~4.2 K). Two freshly exposed electrodes
are formed by controllably breaking a metal wire into two segments,
separated by a gap that can be adjusted in sub-atomic resolution.
Before introducing the molecules, the typical conductance of the
metal atomic junction is analysed by recording conductance traces
as a function of the relative electrode displacement, as shown for
Ag junction in Fig. 1b, left panel. When the electrodes are pulled
apart, the contact is narrowed, and the conductance decreases
(‘pull’ conductance traces, blue). The conductance plateaux at ~1G,
correspond to a single Ag atom at the smallest cross-section'®?,
where further stretching leads to junction rupture. Following
the rupture of the junction, the electrodes are pushed together
and the conductance increases as the contact is reformed (‘push’
conductance traces, red). To characterize the key conductance
features, conductance histograms are constructed from thousands
of traces. Figure lc, left panel, reveals peaks at ~1G, that
correspond to the most probable conductance value of the Ag atomic
junction. The tail at low conductance is the signature of tunnelling
transport measured immediately after rupture or before reforming a
contact®?'. The conductance-displacement density plots in Fig. 1c,
middle and right panels show the conductance evolution when
pulling or pushing the electrodes, respectively.

In a series of independent experiments, oligoacene molecules
(benzene, naphthalene, anthracene...) are introduced, one type
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Figure 1| Characterization of Ag/oligoacene molecular junctions. a, lllustration of a break-junction set-up and the structure of the studied series of
oligoacene molecules (right to left: benzene, naphthalene, anthracene, tetracene, pentacene, hexacene). b, Pull (blue) and push (red) conductance traces

of Ag (left panel) and Ag/anthracene (right panel).

¢, Characterization of Ag atomic junctions. Left panel: pull (blue) and push (red) conductance

histograms. Middle and right panels: conductance-displacement density plots constructed from pull and push conductance traces, respectively. d, The
same characterization for Ag/anthracene molecular junctions. The histograms and the density plots are composed from at least 5,000 traces, recorded at
a bias voltage of 100 mV. Zero displacement is set for each trace as the first displacement point with a conductance value below 1.1Gg. Push values are
typically higher than pull values, probably owing to induced elongation of the bonds in the pulling process that suppresses the conductance.

of oligoacenes at each experiment, to a bare Ag junction from a
molecular source (Fig. 1a). As an example, typical conductance
traces for Ag/anthracene molecular junctions are shown in Fig. 1b,
right panel. Here, additional tilted plateaux can be seen following
the typical conductance plateaux of the Ag atomic junctions.
The corresponding conductance histograms are shown in Fig. 1d,
left panel. The peak at ~1G, is still apparent; however, another
peak is observed at lower conductance, indicating the formation
of molecular junctions. The association of the lower peak with
molecular junctions was verified by inelastic electron spectroscopy
(IES) measurements (Supplementary Section 1). In the density plots
(Fig. 1d, middle and right panels), the formation of molecular
junctions is indicated by the new spots appearing below the
typical conductance of the Ag junction. Owing to the lack of
specific binding groups, determining the exact binding geometries
is not trivial. However, useful information about the structure
of the junctions can be extracted by examining the length of
the molecular conductance features. The short molecular features
seen in the density plots indicate a very limited elongation of the
molecular junctions, which is even shorter than the elongation of
the Ag atomic contact at ~1G,. Analysis of individual traces (for
example, Fig. 1b) shows that the lengths of the tilted plateaux,
which correspond to the elongation of the molecular junctions,
do not exceed 1-2 A. This minor elongation indicates that the
molecule is oriented in a compact configuration, with its long axis
pointing out of the junction (exemplified in the calculations below).
Tilting or sliding of the molecule into a longitudinal configuration,
in which the molecule would be attached to the electrodes
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through its long ends (for example, Supplementary Fig. 4, inset)
is inconsistent with the short molecular features®. Remarkably,
the different molecular junctions along the Ag/oligoacene series
reveal the same junction elongation regardless the length of the
molecule (Supplementary Figs 2 and 3). This observation further
verifies the conclusion that the molecules are positioned with their
short axes touching the electrodes, yielding molecular junctions
with similar total elongation regardless the molecule length. This
configuration allows us to study the influence of the energetic
variations due to the molecule length while avoiding the effect of
the increased length of the conducting bridge along the series. A
thorough analysis of the Ag/oligoacene junction geometry appears
in Supplementary Section 2.

The characteristic conductance of each Ag/oligoacene molecular
junction, determined from the peaks in the conductance
histograms, is presented in Fig. 2. Typical conductance histograms
for the different Ag/oligoacene junctions are presented in
Supplementary Fig. 7. Out of the six molecules studied, five
showed a clear peak in the conductance histograms. As seen in
Fig. 2, the conductance trend along the Ag/oligoacene series is
composed of two main regions. Initially, the conductance increases
with molecule length. However, beyond three rings the onset of
conductance saturation can be observed. Although an increase in
conductance with molecule length had been previously reported®',
this is the first time that saturation of conductance at an upper
value has been observed.

To study the origin of the conductance trend along the
Ag/oligoacene series, we performed ab initio transport calculations
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Figure 2 | The characteristic conductance of Ag/oligoacene and
Pt/oligoacene junctions as a function of molecule length. The molecule
length is expressed as the number of benzene rings in the oligoacene
molecule. Lower series: The characteristic conductance of Ag/oligoacene
junctions, determined from the peaks in the pull (blue square) and push
(red diamond) conductance histograms. All the studied molecules except
the pentacene showed a clear conductance peak in either pull or push
directions. Upper series: The characteristic conductance of Pt/oligoacene
junctions, determined from the peaks in the pull conductance histograms
(purple triangle). Values from push histograms (not presented) are
typically higher by ~0.02-0.1Gg. Error bars represent the standard
deviation between independent experiments. For more information see
Supplementary Section 3.

(see Methods section) for a variety of junction geometries. We
find that different compact geometries yield qualitatively the same
conductance trend as observed in the experiments. Figure 3a
presents transmission curves for the compact configuration
demonstrated in the inset. Another example for a compact
configuration can be found in Supplementary Fig. 5. We note
that calculations for a longitudinal junction configuration
(Supplementary Fig. 4) yield a very different transmission trend
than the experimentally observed one. These observations support
the length analysis indications for junction geometries that are
limited to a set of compact configurations. According to our
calculations (for example, Fig. 3a), the conductance, determined
by the value of the transmission curves at the Fermi energy Ey, is
dominated by the lowest unoccupied molecular orbitals (LUMOs),

which are much closer to E; than the highest occupied molecular
orbitals (HOMOs). The difference between the transmission
values at E; diminishes with molecule length, implying the
onset of conductance saturation. The transmission peaks can be
approximated by Lorentzians—except for the benzene peak, owing
to a twofold LUMO degeneracy. The evolution of the LUMO peaks
with molecule length indicates two trends with competing effects
on the conductance. The first is a reduction in the separation
between E; and the peak centre & (Fig. 3b, red), which acts to
increase the conductance; the second is a reduction in the peak
width I" (Fig. 3b, blue), which acts to decrease the conductance.
These trends along the series of molecular junctions are robust
and occur for different junction configurations, implying a general
behaviour that is independent of a specific configuration.

Despite the complexity of molecular junctions, intuition
about these two trends can be obtained from simple physical
considerations, based on the length of the oligoacene molecules and
their conjugated nature. In analogy to a ‘particle in a box’ (Fig. 4a),
the HOMO-LUMO gap of the oligoacenes, related to ¢, is reduced
with molecule length®. In this context, & can be approximated by:
ex(2n+1)/N?, where the molecule length is expressed by N, the
number of benzene rings comprising the molecule. Here, n stands
for the quantum number of the molecular 7 -orbital that dominates
the conductance. The quantum number # increases with the number
of 7 -electrons and is therefore proportional to N. This results in

e=c;/N+c¢,/N? (1)

where ¢), ¢, are constants. The energies of the molecular levels can
be modified considerably when the molecule is suspended between
metal electrodes. However, the general tendency of reduction in
the HOMO-LUMO gap with length is preserved®”'**!, implying
a better alignment of these orbitals with Ep, and an increase of
conductance. To understand the onset of saturation that follows the
conductance increase, it is important to consider another factor, the
broadening I" of the LUMO peak, which results from the coupling
of the LUMO to the extended states of the electrodes"*. Because
the molecular r-orbitals are delocalized over the whole molecule,
the electron density per orbital decreases with molecule length
as ~1/N (Fig. 4b). When the molecule is attached to the metal
electrodes, the molecular wavefunctions are modified. However, in
a simplified picture, when the 1/N dependence remains dominant,
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Figure 3 | Calculated transmission curves and the corresponding single-Lorentzian model for the Ag/oligoacene junctions. a, Calculated transmission
curves for a series of Ag/oligoacene junctions, with a compact junction configuration demonstrated for Ag/anthracene in the inset. The conductance of
each junction is determined by the transmission value at Eg, which is dominated by the LUMO-type peaks, centred at energies higher than Eg. b, lllustration
of & (red), the energetic distance between the centre of the peak and Ef, and of I" (blue), the energetic width of the peak in the framework of a
single-Lorentzian LUMO-type transmission resonance that determines the conductance.
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Figure 4 | A single-level model explaining the conductance trend along the Ag/oligoacene series. a, A ‘particle in a box’ analogy for the energy level
spacing of the oligoacenes. Increasing molecule length leads to a decrease in the energy level spacing. b, Schematic illustration of the electron density per
m-orbital, demonstrated by the colour intensity. The density decreases with molecule length, because the orbitals are spread over the whole molecule. This
results in a lower overlap of the orbital with the valence orbitals at the apices of the electrodes. ¢, A reconstruction of a conductance trend which is similar
to the measured conductance trend along the Ag/oligoacene series by equation (3) (fitting parameters: ¢, =0.8, ¢, =0.9) and examples for the
corresponding calculated Lorentzian LUMO peaks for representative molecule length (N=2,4,6).

the overlap of the LUMO with the frontier metal orbitals decreases
accordingly, yielding

I'=c/N (2)
where c¢; is a constant. The reduction in I" with molecule length
acts to decrease the conductance, as opposed to the reduction in ¢
which acts to increase the conductance.

The resulting conductance trend is determined by the interplay
between ¢ and I, as evident from the expression for conductance in
the single-Lorentzian model®: G=G,/[(¢/I")* 4 1]. By introducing
equations 1 and 2, this expression is reduced to:

G=Gy/l(ca+c,/N)*+1] 3)
where ¢, = ¢, /¢; and ¢, = ¢,/ c5. For short molecules the conductance
increases with molecule length. However, for long enough molecules
(large N) the term ¢,/N becomes negligible and the conductance
saturates (G is independent of N). In Fig. 4c, inset, equation (3)
is used to reconstruct a conductance trend, which is similar to
the experimental one. The corresponding Lorentzian transmission
peaks for representative molecule lengths (N =2,4,6) are shown in
Fig. 4c, demonstrating conductance increase (2 — 4) and the onset
of conductance saturation (4 — 6). We note that the molecule length
at the onset of saturation and the conductance value at saturation
would depend on the specific junction geometry. Interestingly, in
our case, the conditions for the onset of saturation are already met
for N =3. The success of our minimal model in using the interplay
between ¢ and I” to capture the essential features of the measured
conductance suggests that the onset of conductance saturation can
be explained by simple physical considerations.

As long as a single-level model applies, the (dimensionless) ratio
/T indicates not only the conductance but also the charge transfer
between the electrodes and the involved molecular level. According
to Friedel’s sum rule, the conductance can be expressed uniquely
through the charging of the level g by G = G, sin’((t/2)q) (see
Supplementary Section 5). The relation shows that the saturation
of conductance, which is a non-equilibrium quantity, is correlated
with the saturation of charge, which is an equilibrium quantity.
Thus conductance saturation at G ~ 0.5-0.6G, is associated with
charge transfer of g~ 0.5-0.6 electrons to the LUMO. In view of
the above, the conductance saturation can be modelled even in
situations where deviations from the presented approximations take
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place—for example, when the assumptions derived from a ‘particle
in a box’ do not apply or when ¢ is not proportional to the HOMO-
LUMO gap.

In principle, our model can be verified by transport
measurements incorporating electrostatic gating abilities®. By
electrostatically lowering (raising) the energy of the LUMO, the
charging of the level g should increase (decrease), and so should
the conductance. This should result in a shift of the conductance
saturation point, because the &/I" ratio will be modified. An
additional verification for the model could be obtained by
extracting ¢ and I" from I-V measurements” > to track the
evolution of these parameters as a function of molecule length.
In the examined case, owing to the very broad resonances, a
very large voltage window is needed to extract these parameters
from the nonlinear regime of the I-V curves. As a result of the
high conductance and the limited metal-molecule bond strength
of our junctions, applying a high voltage leads to instabilities,
probably related to Joule heating®®*'. Obtaining a different series of
molecular junctions that are characterized by similar conductance
properties, yet with stronger metal-molecule bonds, may allow
stable I-V measurements in a wide enough voltage window to
independently test our model.

A remarkably different conductance behaviour is observed when
similar experiments are performed using Pt electrodes, which in
contrast to Ag have prominent valence d-orbitals available for
conductance. As shown in Fig. 2 (upper purple triangles), the
series of Pt/oligoacenes has a very high characteristic conductance
of ~1G,. The attribution of this conductance to molecular
junctions®* is verified by IES measurements (Supplementary
Section 1). Figure 5a shows that this conductance appears below
the typical conductance of Pt atomic junctions, found at ~1.5G,
(refs 34,35). The molecular conductance at ~1G, is independent
of the molecule length, namely conductance saturation along
the entire series. This saturation, however, has a different origin
from that observed for the Ag/oligoacene system. Previous studies
have found that the type of the metal electrode can change
the conductance of the molecular junction”®. However, in all
these cases, the conductance trends as a function of molecule
length were not considerably modified. Here, the two sets of
oligoacene-based molecular junctions (Fig. 2) show substantially
different conductance trends.

To study the origin of the insensitivity of conductance to
molecule length in the Pt/oligoacene junctions, we compare the
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Figure 5 | Experimental and theoretical conductance characterization of the Pt/oligoacene molecular junctions. a, Conductance traces (inset) and
conductance histograms recorded during pulling of Pt/benzene (purple) and Pt/pentacene (light blue), compared to bare Pt (grey). After introducing
oligoacenes to the Pt junction, a characteristic peak at ~1Gg appears, alongside or replacing the characteristic peak of the bare Pt at ~1.5Go. Each
histogram is composed of at least 5,000 traces, recorded at a bias voltage of 200 mV. b, Calculated transmission curve of Pt/pentacene (light blue),
showing a band-like plateau of high transmission, reflecting insensitivity of the conductance to the exact location of E¢. In comparison, the transmission
curve of Ag/pentacene (dashed blue) is composed of resonances that originate from the molecular levels and the conductance is sensitive to the alignment
of the LUMO resonance with Er. Inset: the junction configurations for which the transmission curves are calculated. The same inter-electrode distance
(5.52 A) is considered for the two junctions. The carbons closest to the electrode apex are 1, 3 and 1, 5 for the Ag- and Pt-based junctions, respectively.

calculated transmission curves of Ag/pentacene and Pt/pentacene
(Fig. 5b). We note that similar results were obtained for other
oligoacenes. The transmission curve of Ag/pentacene (dotted blue)
is composed of separate resonances, originating from the molecular
levels. Therefore, the conductance is determined by the width and
position relative to E; of the relevant molecular level (LUMO). On
the other hand, the transmission curve of Pt/pentacene (light blue)
reveals a band-like transmission in which the molecular features
are smeared out, creating a broad plateau of high transmission.
The conductance is then considerably less sensitive to changes in
the molecular level alignment with respect to Ej. This can explain
the approximately constant conductance that does not follow the
variations in the electronic structure of the oligoacenes along the
series. The smearing of the molecular features indicates a significant
hybridization between the frontier orbitals of Pt and the conductive
molecular orbitals. This observation is supported by previous
calculations that found significant hybridization between the
d-orbitals of Pt and the molecular 7 -orbitals in similar systems**,
and by the mechanical stability of Pt/oligoacene junctions, which
is comparable to that of bare Pt atomic junctions®. The dominant
role of the d-orbitals in the Pt case is also demonstrated in
Supplementary Fig. 11. In the case of Ag/oligoacene junctions,
owing to an insignificant contribution from d-orbitals around Ey,
the transmission is mostly determined by the hybridization of the
valence s-orbitals with the molecular 7-orbitals (Supplementary
Fig. 11) and the junction preserves better the molecular level
character. Therefore, the different electronic nature of the metal
electrodes results in significantly different orbital hybridization that
leads to two physical origins for the saturation of conductance.

To conclude, we study the dependence of conductance on
molecule length in a series of single-molecule junctions in the
high-transmission regime. We find that the conductance can
reach an upper limit where it is independent of molecule length.
By comparing two series of molecular junctions, both based
on oligoacenes with increasing length, albeit with a different
metal as electrodes, we suggest two fundamental mechanisms
for the emergence of conductance saturation. For Ag/oligoacene
junctions, the conductance increases with molecule length,
followed by the onset of conductance saturation at a value
determined by the interplay between energy level alignment and
electrode-molecule coupling strength. In contrast, Pt/oligoacene
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junctions are characterized by a band-like transmission, resulting
in approximately constant conductance along the series of
molecular junctions, regardless of the molecule length. Thus,
by the appropriate choice of metal electrodes, one can either
obtain tunability of conductance, or alternatively achieve a robust
metallic-like conductance across molecular junctions. Our findings
provide insights into the conductance properties of metal-molecule
interfaces near the full-transmission limit, which are central for the
realization of highly conductive metal-molecule interfaces.

Methods

Methods and any associated references are available in the online
version of the paper.

Received 25 March 2015; accepted 21 December 2015;
published online 1 February 2016
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Methods

Experimental. The experiments are performed using a mechanical controllable
break-junction (MCB]J) set-up at 4.2 K. The sample is fabricated by attaching a
notched wire of Ag (99.997%, 0.1 mm, Alfa Aesar) or Pt (99.99%, 0.1 mm,
Goodfellow) to a flexible substrate (1-mm-thick phosphor-bronze covered by

100 um insulating Kapton film). A three-point bending mechanism is used to bend
the substrate to break the wire at the notch under cryogenic conditions and form
an adjustable gap between two ultraclean atomically sharp tips. A piezoelectric
element (PI P-882 PICMA) is used to tune the bending of the substrate and control
the distance between the electrodes with sub-Aresolution. The piezoelectric
element is driven by a DAQ card (NI-PCI6221 or NI-PCI4461) connected to a
high-peak-current piezo driver (Piezomechanik SVR 150/1). An ensemble of
junctions with diverse structures is studied by repeatedly pushing the electrodes
together to form a contact of ~50-70G, and pulling the electrodes apart until full
rapture, using the piezo element, at a rate of 20-40 Hz, while simultaneously
measuring the conductance. The junction is biased with a d.c. voltage provided by
the DAQ card and divided by ten to improve the signal-to-noise ratio. The
presented measurements are performed at a bias voltage range of 20-200 mV. The
measured conductance does not depend on the bias voltage within this range, as
demonstrated in Supplementary Fig. 9. The resulting current is amplified by a
current preamplifier (SR570) and recorded by the DAQ card at a sampling rate of
50-200 kHz. The oligoacenes were purchased from Sigma-Aldrich

(purity > 99.9%), except for the hexacene, which was prepared according to a
published procedure'®, where the final stage of synthesis was performed in situ in
the measurement vacuum chamber.

Calculations. Density functional theory calculations using the generalized gradient
approximation to the exchange-correlation functional are performed®. The
wavefunctions are represented in a localized basis set, as implemented in the
FHI-AIMS package®. We use the tier2 basis set, similar to the ‘double-zeta +

polarization, common in quantum chemistry. On the basis of our previous
findings, we perform closed shell calculations'’. The electrodes are modelled as
finite pyramidal clusters, cut from a face-centred crystal in the (111) direction. As a
first step, a set of relaxed geometries is obtained by optimizing the positions of all
the molecular and both apex atoms. The electrodes used for the geometry
optimization contain up to 11 Ag (Pt) atoms. In the second step, the geometry is
fixed and transport calculations are performed. The transmission of Kohn-Sham
electrons is calculated by the non-equilibrium Green's function method for finite
clusters® with the AITRANSS package®. In Ag-based junctions, the resonances are
narrow (70 meV for hexacene). The conductance is thus sensitive to the level
alignment. The latter is determined by screening of the excess charge. To ensure
proper screening by the electrode clusters, additional layers of Ag (Pt) atoms are
added to both electrodes. With Ag electrodes, only for pyramids with 101 atoms

(8 layers) or more does the resonance energy of the LUMO vary by less than a few
percent. With Pt electrodes, pyramids with 55 atoms (6 layers) are sufficient,
because the conductance is less sensitive to shifts of the broad resonances (typical
width is 1 eV, see Fig. 5b).
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1. Identification of molecular junction formation by inelastic electron spectroscopy

Inelastic electron spectroscopy (IES) was used in order to identify the formation of molecular junctions.
As a first step, the bare metallic junctions were characterized before the introduction of molecules.
Measurements of differential conductance (dI/dV) vs. applied voltage across different metallic junctions

(e.g., Fig. S1a,c) showed no distinguishable features above the typical energy range of metal phonons (up

4142 Following the introduction of molecules,

conductance steps, which are the typical fingerprint of vibration activation in molecular junctions®>**™*¢,

to 20 meV and 25 meV for Ag and Pt, respectively)

appear in the differential conductance spectra, as exemplified in Fig. S1b,d, indicating the formation of
molecular junctions.
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Figure S1. Examples for differential conductance spectra, used to verify the formation of molecular junctions.
Differential conductance spectra of a. Ag atomic junction, b. Ag/anthracene molecular junction, c. Pt atomic

junction, d. Pt/anthracene molecular junction. The spectra of the two molecular junctions show conductance steps

32,43-46

at ~30 mV, which are associated with vibration modes of molecular junctions . Note the signature of the metal

phonon features around 10 mVv**2,
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2. The geometry of the Ag/oligoacene molecular junction

Different experimental and theoretical observations, which are detailed below, indicate that the
Ag/oligoacene junctions are limited to an ensemble of compact configurations, in which the long axis of
the molecule is pointing out of the junction, as described for example in the insets of Fig. 3a and Fig. S5a.

1. The elongation length of the molecular junctions is indicated by the tilted plateaus (e.g., Fig. 1b, right
panel and Fig. S2) seen in conductance traces after the typical plateau of Ag atomic contact at ~1 G,.
These molecular plateaus end with the rupture of the junction as indicated by a clear conductance drop.
Analysis of different traces shows that the typical length of the molecular plateaus and hence the
molecular junction elongation is less than 1-2 A, which is much shorter than the length of the studied
molecules. The very short elongation is also seen in the analysis of large ensembles of traces presented as
conductance-displacement density plots (e.g., Fig. 1d and Fig. S3). Here, the short junction elongation is
indicated by the narrow spots below the conductance of the Ag atomic contact. The limited elongation is
compatible with a compact junction configuration. Tilting or sliding of the molecule into a longitudinal
configuration in which the molecule is suspended with its long axis approximately aligned with the
junction axis (e.g., Fig. S4a, inset), would lead to a larger junction elongation in order to account for the
molecule length®>"’.

2. As shown in Fig. S2 and S3, molecules with different length yield molecular conductance features of
the same length, i.e., the same length of tilted plateaus in individual traces, which is manifested as spots
of similar width in the density plots. This observation indicates that the molecules do not adopt
longitudinal configurations. For the longitudinal configurations, the increase in molecule length along the
series of molecular junctions would be manifested as an increase in the junction elongation, namely
longer plateaus in the individual traces or wider spots in the density plots for the longer molecules, as
was previously demonstrated”*’. In contrast, the fact that the elongation is remarkably similar for
different molecules further supports the conclusion that the molecules adopt compact geometries for
which the increasing length of the molecules along the oligoacene series has no effect on the measured
junction elongation. An alternative scenario, which is based on successive changes in the contact site
along the series (e.g., contacts to the same ring - contacts to neighboring rings - contacts to the 2"
neighboring rings, etc.), can be excluded as well, since such trends should also result in a detectable
gradual increase in the junction length, in contrast to the experimental observation.

15 \ [ — Ag/naphthalene|
= ‘ ‘: —Ag/anthracene
e l =Ag/hexacene
g \ .

e 4

5]

S

- 05 ?

c

§ yo)
N S |

0 4 8 12 16 20 24 26
Displacement (A)

Figure S2. Conductance traces of Ag/oligoacene junctions. The molecular features (tilted plateaus), located below
the plateau of the Ag atomic contact at ~1 G, are less than 1-2 A in length, much shorter than the molecules. We do
not observe any change in the length of the molecular features as the molecule length is increased. The traces were
measured at the pull direction at bias voltage of 20-150 mV, where no voltage dependence was found.
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Figure S3. Conductance-displacement density plots of Ag/oligoacene molecular junctions. Upper row: Plots based
on full data sets without any selection, including traces that show no indication for the formation of molecular
junctions. Lower row: The corresponding plots after automatic trace selection to enhance the visibility of molecular
conductance features. In these plots only traces with a non-negligible number of conductance counts (typically
more than 3-5 points) at the molecular conductance range are presented. The plots are based on pull traces
measured at bias voltage of 20-150 mV (for this range no voltage dependence was observed).
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Figure S4. Calculated transmission of Ag/oligoacene junctions assuming a longitudinal configuration. a. Calculated
transmission vs. energy for longitudinal Ag/oligoacene junctions. Inset: The configuration of the calculated junctions
is illustrated for Ag/tetracene. b. The corresponding calculated conductance (green triangles) compared to the
measured conductance for the Ag/oligoacene junctions (blue squares and red diamonds). The dependence of the
measured conductance on the molecule length is in clear contrast to the trend presented by the calculated
conductance assuming longitudinal junction configuration. This discrepancy indicates that the longitudinal
configuration does not describe well a junction configuration, which is dominant in the experiments. The calculated
trend is extracted from (a) by the value of the transmission curves at E.
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3. Fig. S4 shows that the calculated transmission for junctions with a longitudinal geometry presents a
conductance trend which is in sharp contrast to the measured conductance. This comparison supports
the conclusion that longitudinal junction geometry can be excluded.

4. Transport calculations for different compact geometries give the same qualitative result, which is
compatible with our experimental observations. As an example, Fig. S5 presents transmission calculations
for a series of junctions with a compact configuration in which the binding to the Ag electrodes is done
via neighboring rings. In this configuration the electrodes are shifted by 2.5 A along the molecular axes,
and the molecular plane tilts by ~5° compared to the configuration in Fig. 3a. The analysis of this junction
geometry provides the same qualitative trends of € (the position of the transmission peak relative to Ef)
and I (the width of the peak) as given by our model. This observation demonstrates the robustness of our
model with respect to different compact junction configurations. Transport calculations for different sets
of molecular junctions that are characterized by compact geometries and diverse contact positions yield
variations of 10% in € and 20% in I". Beyond these moderate variations, an essential outcome that can be
taken from our transport calculations for different sets of compact configurations is the preservation of
the general transmission trend regardless the exact geometry. In particular according to our DFT based
calculations, transport is dominated by a single transmission resonance (LUMO), which always
approaches E; with decreasing resonance width, in agreement with the proposed model in the
manuscript and with the measured conductance trend.

To conclude, our experimental and theoretical analysis shows that the examined molecular junctions are
limited to an ensemble of compact configurations. The only essential outcome that we take from the
transport calculations is that the conductance is dominated by a single level (LUMO). In addition, our
calculations indicate that the LUMO always approaches Er while decreasing in width. This is a robust
behavior (regardless the specific geometry) which gives a strong support to the model in terms of the
interplay between € and I.
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Figure S5. Analysis of calculated transmission curves for a compact configuration of the Ag/oligoacenes, where
the electrodes are attached to two neighboring rings. a. Calculated transmission curves. Inset: The configuration of
the calculated junctions is illustrated for Ag/tetracene. b, c. The trends of € and I, respectively. The transmission
curves indicate that the single level model is a good approximation (LUMO mediated conductance) and that both ¢
and I decrease with increasing molecule length, in a similar way to the case of the compact configuration shown in
the main text.
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An example for the effect of molecule tilting on the transmission:

In the following we compare the calculated transmission of the compact geometry presented in Fig. 3a to
a similar geometry (Fig. S6), in which the molecule is constrained to lie in the plane perpendicular to the
axis of the junction, yielding a tilt of approximately 12° with respect to the geometry in Fig. 3a. We note
that in our experiments, the expected tilting is probably lower than 10°, according to the limited length of
the measured molecular conductance plateaus. Comparing Fig. 3a to Fig. S6a, we find that the change in
the molecule tilt angle results in small changes in the transmissions at E;, while the transmission trend

along the series of junctions is qualitatively the same.
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Figure S6. Calculated transmission curves for a compact unrelaxed configuration of the Ag/oligoacenes, where
the plane of the molecule is perpendicular to the axis of the junction. a. Calculated transmission curves. Inset: The
configuration of the calculated junctions is illustrated for Ag/tetracene. b. A comparison between the relaxed
compact configuration shown in the main text (Fig. 3a) and the unrelaxed tilted configuration, with a difference of
~12° in the molecule plane. The transmission curves indicate the same qualitative transmission trend as a function
of molecule length, similar to the case of the compact configuration shown in the main text.
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3. Determination of the molecular junction conductance

The average typical conductance of each molecular junction was determined using the following
procedure. After the introduction of molecules, a new conductance peak appeared in the conductance
histograms (e.g., Fig. S7 and S8). The formation of molecular junctions at the conductance range of this
conductance peak is verified by molecular vibration analysis (e.g., Fig. S1). The most probable
conductance of the molecular junction is defined as the highest value of this peak. This value was
determined for each conductance histogram, which is constructed from 3,000-7,000 consecutive
conductance traces. We note that extracting the peak maximum by fitting a Lorentzian provides the same
conductance values in the range of the experimental uncertainty. For each molecule type many
conductance histograms were collected in different experimental sessions (typically 20). The typical
conductance of each molecular junction type (Fig. 2) is the average value of the most probable
conductance that was extracted from the entire ensemble of conductance histograms available for a
specific molecule type. The error bar represents the standard deviation of this averaging.
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Figure S7. Conductance histograms of the different Ag/oligoacene molecular junctions. Upper row: Conductance
histograms based on full data sets, consisting also traces that do not exhibit any molecular feature. Lower row: The
corresponding histograms after automatic trace selection to enhance the visibility of molecular conductance peaks.
In these plots only traces with a non-negligible number of conductance counts (typically more than 3-5 points) at
the molecular conductance range are presented. The two methods give the same values within the error range. We
note that the conductance presented in Fig. 2 in the main text is based on the full data sets without any selection.
Measurements were done at a bias voltage range of 20-200 mV. The positions of the peaks are independent of bias
voltage in this range, see for example Fig. S9.
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Figure S8. Conductance histograms based on pull traces for the different Pt/oligoacene molecular junctions. The
peak at ~1 G, appears for all the junctions, while for tetracene and pentacene based junctions the peak at ~1.5 G,,
associated with Pt atomic junctions is preserved, indicating the formation of Pt atomic junctions despite the
introduction of molecule to the sample. The presented histograms were measured at a bias voltage of 200 mV.
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Figure S9 demonstrates the deviations between histograms of molecular junctions based on the same
molecule (Ag/anthracene), measured at different bias voltages. The most probable conductance
extracted from each histogram does not depend on bias voltage in the examined range.

We note that in order to study the high transmission limit for molecular junctions, linear histograms that
focus on conductance values close to ~1 G, are used. Logarithmic histograms, such as presented in Fig.
S10, were used to verify that no distinct conductance plateaus appear at the conductance range of ~0.03-
0.1 Gy, which is the expected conductance of a longitudinal configuration for Ag/oligoacenes according to

our calculation (Fig. S4).
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Figure S9. Conductance histograms of Ag/anthracene at different bias voltages. The most probable conductance
value extracted from each histogram did not show any dependence on bias voltage up to 200mV. Upper row:
Conductance histograms based on full data sets, consisting also traces that do not exhibit any molecular feature.
Lower row: The corresponding histograms after automatic trace selection to enhance the visibility of molecular
conductance peaks. In these plots only traces with a non-negligible number of conductance counts (typically more
than 3-5 points) at the molecular conductance range are presented.
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Figure S10. Log-log presentation of conductance histograms for the different molecular junctions. Upper row:
histograms of Ag/oligoacene junctions (based on the same trace sets as used for Fig. S7). Lower row: histograms of
Pt/oligoacene junctions (based on the same trace sets as used for Fig. S8). All the histograms are based on full data

sets without any trace selection.
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4. The orbital character of the Pt/oligoacene and Ag/oligoacene hybridization

The different nature of orbital hybridization at the metal-molecule interface for the two types of
molecular junctions is revealed in the projected density of states (PDOS) on the last atom of the
electrode apices, for Ag and Pt based molecular junctions (Fig. S11). The PDOS of the bare metal atomic
junctions are shown for comparison (gray dotted curves). The calculations are performed for the same
junction configurations as presented in Fig. 5b. The PDOS of Ag/pentacene (Fig. S11a) shows peaks that
do not exist in the PDOS of the bare Ag atomic junction, indicating that the peaks originate from the
energy levels of the molecule. In contrast, for Pt/pentacene (Fig. S11b), the presence of the molecule in
the junction smears out the d-orbitals contribution in the PDOS, which is well pronounced for the bare Pt
atomic contact. The molecule induced smearing of the d-PDOS indicates a significant orbital hybridization
between the d-orbitals of the metal and the molecular orbitals. For the Pt based molecular junction, the
dominant role of the d-orbitals around Er, which is the energy relevant for electronic transport, is clearly
seen in the decomposition of the PDOS into sp-character and d-character. This can be compared to
negligible d-contribution around E; for the Ag based junction. The dominant role of the d-orbitals in the
case of Pt based junctions is also evident from the characteristic four-lobes shape of the Kohn-Sham
eigenfunction of the junction shown in Fig. S11b, Inset. This is in contrast to the eigenfunction of the Ag-
based junction, presented in Fig. S11a, Inset, where the s-orbital character, with zero nodes, is the
dominant one at the metal-molecule interface.

a --- Ag atomic junction
0.8 — Ag/pentacene, total
— — Ag/pentacene, s-p
i Ag/pentacene, d
2
2 | I I
o
O3 -2 -1 0 1 2 3
E-Ep(eV)
6
b --- Pt atomic junction
5 -— Pt/pentacene, tota

— Pt/pentacene, s-p
4 Pt/pentacene, d

PDOS (1/eV)

Figure S11. Analysis of the orbital character in the metal-molecule interface. a,b. Projected density of states
(PDOS) onto the last atom of the electrodes for pentacene based molecular junctions, and the decomposition into
sp- and d-contributions with a. Ag and b. Pt electrodes. The PDOS for the bare metal atomic junctions are shown in
dotted gray for comparison. Insets: representative iso-surfaces of Kohn-Sham eigenfunctions of Ag/pentacene (a)
and Pt/pentacene (b) near E.. The shape of the iso-surfaces and the number of nodes at the electrode-molecule
interfaces show the dominant s-orbital nature in the first case and the prominent d-orbital contribution in the
second case. As a side note we point out that although the binding of the molecules to sharp electrodes can be very
different from the binding to flat surfaces, the flat-lying geometry of the oligoacene molecule found on flat Ag and
Pt surfaces48_62, translates to the “sandwich compound” compact geometry considered in this paper, where the n-
system of the molecules is relatively perpendicular to the axis of the junction.
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5. Friedel’s sum rule for pedestrians

We consider a molecule coupled to left and right metallic electrodes and demonstrate an explicit relation

between the zero-bias conductance and the occupancy of the molecular level. We assume that at low

temperatures and zero bias, the electronic transport is governed by a single resonant orbital. Oligoacenes

(starting from naphthalene) coupled to Ag electrodes fall into this class, as we demonstrate in the main

text with the aid of first-principles calculations. The transmission function T (w) is given by
I—-Z

T(w) = (s1)

where € is the resonance center and 2 is the full resonance width at half maximum. The finite width of
the resonance is induced by the electrodes, and on writing equation (S1) we assume that the resonant
state couples equally to both electrodes. The zero-bias conductance is proportional to the value of the
transmission at E¢

2

2e
G = TT(EF): = GOT(EF)

Without loss of generality, we set Er = 0. In other words, € is the resonance center with respect to E;.
The spectral function A(w) (density of states) is given by

1 r
T (W—8)2+TI?

Alw) = (S2)

The number of electrons in the resonant state is given by integration up to E;,
q=2 f_OOOA(w)da) =1- %arctan (;) = %arccot (;) (S3)

Note the factor of two due to spin degeneracy. We introduce the phase shift
¢ . & _ T
cotan(n) = 7,11 = 5.

which allows expressing the conductance as a function of the electron number only,

1 1

=G,
£\? 1+ cotan?(n)
1+ (r)

G =G, = Gysin®(n)

G = Gysin? (gq) (S4)
If the transport through the molecule in question is dominated by the LUMO, then g represents the
number of excess electrons in the LUMO in equilibrium. We note that the total charge transfer may
contain components from other orbitals. The relation (S4) is known as Friedel’s sum rule for historic
reasons. In various forms, it has proven useful in the study of dilute alloys®’, adsorbed molecules® and
transport through quantum dots®.

We note here, that this relation holds also in the presence of electron-electron interactions, provided

that certain Fermi-liquid identities apply®*®®

. In simpler terms, interactions in the Fermi-liquid state
preserve the form of the spectral function and transmission resonance, equations (S1) and (S2), hence
the same relation applies. This is the case of normal metallic electrodes at sufficiently low temperatures
except for superconducting environments, ferromagnetic environments or other cases with interaction-
induced broken symmetries. If the molecule develops a magnetic moment, Friedel’s sum rule applies in

the low-temperature fully-screened Kondo regime.
10
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