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ABSTRACT: In contrast to silicon-based transistors, single- Mechanical gating - ON Mechanical gating - OFF

molecule junctions can be gated by simple mechanical means. . ; 8
Specifically, charge can be transferred between the junction’s . M ‘ . ‘

electrodes and its molecular bridge when the interelectrode
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influence on the gating effectiveness. Here, we show that the same 3 0.04 3 008
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The effect is found in silver—ferrocene—silver break junctions and Voltage, V (V) Voltaga, V (V)

analyzed in view of ab initio and transport calculations, where the
influence of the molecular orbital geometry on charge transfer to or from the molecule is revealed. The molecular orientation is thus
a new degree of freedom that can be used to optimize mechanically gated molecular junctions.
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O ne of the fascinating properties of molecular junctions is gating or the absence of such an effect, depending on the
their ability to function as nanoscale electromechanical orientation of the molecule with respect to the electrodes. By
devices. In particular, single-molecule junctions allow the study comparison of experiments and calculations, this behavior can
of coupling between mechanical and electronic degrees of be related to the orbital nature at the metal-molecule
freedom in a structure of a typical single-nanometer size that interfaces, allowing the identification of the necessary
has a dominant quantum nature and a pronounced orbital conditions for mechanical gating. The reported findings in
character. This combination has been used to study diverse this letter show that the orientation of the molecule is an
phenomena, including electron—phonon interaction,' ~° quan- important factor for the design of mechanically gated
tum interference”® and charge reorganization9 in the molecular junctions and emphasizes the importance of orbital
miniaturization limit for electronic conductors. Interestingly, orientation in the general process of metal-molecule charge
in addition to the more standard electrostatic gating of transfer.

We studied molecular junctions based on suspended
individual ferrocene molecules between two silver (Ag)
electrode tips. A break junction setup is used to form in situ
these molecular junctions (Figure 1) in a cryogenic environ-
ment (~4.2 K). The ferrocene molecules are introduced from
a local heated molecular source into a cold atomic-scale Ag
junction during repeated junction breaking and making cycles
(see section 1 in the Supporting Information). Measurements
of current as a function of applied voltage across the junctions
(I-V curves) for different junction realizations reveal two
distinctive cases, denoted here as type 1 and type 2 (Figure

molecular junctions, these junctions can be mechanically gated.
By changing the interelectrode distance in the electrode—
molecule—electrode junction, molecular energy levels can be
shifted to a lower or higher energy, and charge can be
transferred from the electrodes to the molecule or vice versa.
Consequentially, the electronic transport characteristics of the
junction may change. Mechanically gated molecular junctions
have been extensively studied both experimentally and
theoretically,” "> for example in the context of nanoscale
image charge’ and optimization of thermoelectricity."*
However, the influence of the molecular orientation on
mechanical gating has not been examined. Such an influence
can be an attractive route for optimization and regulation of Received:  January 4, 2023
mechanical gating with implications on charge, spin, and heat Revised:  April 11, 2023
transport in molecular junctions. Here, we show that the Published: May 2, 2023
mechanical gating of molecular junctions can be dramatically

affected by the molecular orientation, where the same

molecular junction experiences either a clear mechanical
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Figure 1. Break junction setup. Schematics of the used break junction
setup, in which the distance between the Ag electrode tips can be
adjusted in sub-angstrom resolution, and an illustration of a Ag—

ferrocene—Ag single-molecule junction.

2a,b). The presented I-V curves were measured following a
repeated reduction in the interelectrode separation. Zero
displacement defines the interelectrode distance in which the
junctions were realized, and a negative value indicates junction
squeezing. Several steps can be observed in the I-V curves,

translated in Figure 2c,d, to peaks in the corresponding
differential conductance versus voltage (dI/dV—V) curves. As
will be further discussed below with the aid of ab initio
calculations, the peaks originate from the contributions of
molecular orbitals to the conductance. Therefore, shifts in the
voltage at which the peaks are observed correspond to shifts in
the molecular energy levels, with respect to the Fermi level of
the electrodes. Figure 2c reveals that the peaks of type 1 are
shifted to a lower absolute value of voltage when the
interelectrode separation is reduced. Namely, the molecular
level or levels that dominate transport in type 1 are shifted
toward the Fermi level when the junction is squeezed. In
contrast, in Figure 2d, the peaks for type 2 are not shifted in
response to a similar mechanical manipulation. Specifically, the
inset of Figure 2c presents a significant peak shift from 1.365 to
0.675 V for a reduction in the interelectrode distance of ~0.6 A
for type 1, whereas a similar behavior is not seen in the inset of
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Figure 2. Current—voltage, differential conductance spectra, and transition voltage spectroscopy (TVS) plots. (a,b) Four spectra of current as a
function of voltage measured at different interelectrode displacements (for color code and displacement see insets of (c,d) in Ag—ferrocene—Ag
molecular junctions with (a, type 1) and without (b, type 2) mechanical gating response. (c) Differential conductance as a function of applied
voltage for the junction studied in (a). (d) Same as (c) but with data collected for the molecular junction studied in (b). Insets (c,d): Absolute
values of peak position (marked with arrows in (c,d) as a function of interelectrode displacement. (e,f) TVS plots constructed from the same I-V
spectra presented in (a,b), showing In(I/V?) versus 1/IVI for spectra with (e, type 1) and without (f, type 2) mechanical gating response. For
consistency, the negative side of the I-V curves is considered for TVS analysis. Inset (i): Zoomed view of the TVS plots to better present the
change of transition voltage upon squeezing. Inset (ii): Transition voltage (absolute values) as a function of interelectrode displacement for type 1

and 2.
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Figure 3. Transport calculations. (a,b) Calculated transmission for parallel (a) and perpendicular (b) molecular orientations in the junction at a
varying distance between the electrode tips. Insets: Ball-and-stick models of the calculated structures (only small parts of the electrodes are shown).
(c,d) Differential conductance for the parallel (c) and perpendicular (d) configurations at the same varying electrode tip distances as in (a,b). (e)
Charging of the ferrocene molecule in the parallel (blue) and perpendicular configurations (orange). (f) Total energy as a function of interelectrode
displacement. (L,||) Denotes perpendicular and parallel molecular orientation with respect to the long junction axis.

Figure 2d for type 2. This is an indication for mechanically
induced molecular energy shifts in type 1 and the absence of
this effect in type 2 (see Supporting Information, sections 2
and 3 for more details on types 1 and 2, and the reversibility of
the observed level shifts).

The same effect can also be presented using transition
voltage spectroscopy (TVS) plots, where the I—V character-
istics in Figure 2a,b are replotted in Figure 2ef in terms of
In(I/V?) as a function of 1/IV1.'°7*° These plots are expected
to have a minimum at a certain transition voltage, Vi,
whenever the current as a function of voltage evolves from a
linear dependence to more than a quadratic dependence.'” We
note that for metallocene molecules with direct contacts to the
electrodes (namely, no anchoring side groups are used), the
transition voltage dependence on the energetic difference
between the electrodes’ Fermi level and the closest molecular
energy level(s) is to date unknown. However, regardless the
exact dependence, shifts in the transition voltage serve as an
indication for shifts in the energy of the molecular levels that
dominate electron transport and/or systematic variations in
their coupling to the continuum states of the electrodes (i.e.,
electrode—molecule coupling).”"** As seen below using
calculations, we expect dominant level shifts and moderate
variations in electrode—molecule coupling. This is manifested
as significant shifts in the calculated transmission peaks with
generally modest variations in the peak widths. The TVS plots
in Figure 2ef show a clear characteristic minima, with a
corresponding transition voltage. The response of the
transition voltage to changes in the interelectrode distance is
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observed in the insets of Figure 2e,f, where a shift is seen for
type 1 but not for type 2 (see Supporting Information section
2 for similar data for other junction realizations). We can take
advantage of the presence of peaks in the dI/dV that
correspond to molecular levels to shed light on the relation
between transition voltage shifts and molecular level shifts.
When the interelectrode distance is reduced by 0.6 A, the
transition voltage shifts by 370 mV. Assuming for simplicity a
symmetric voltage drop on each electrode—molecule contact,
which can be justified as a crude approximation by the roughly
symmetric locations of the positive and negative peaks in
Figure 2c (see Supporting Information, section S), the 690 mV
shift in the examined peak location in Figure 2¢ corresponds to
a shift of 690/2 = 345 meV of the molecular levels that
dominate the electron transport. Note that, for a symmetric
voltage drop, the location of the molecular levels relevant for
transport with respect to the electrode Fermi level is given by
half the voltage at which a peak in the dI/dV curve appears
(this is illustrated below with the aid of calculated trans-
missions and dI/dV curves and explained in Supporting
Information, section 5). We can conclude that the observed
mechanical gating leads to shifts in the transition voltage that
are rather similar in magnitude to the roughly estimated shifts
in the molecular energy levels (this can also be seen in
Supporting Information Figure S2). Our findings show that
TVS is a good indicator for level shifts in the examined
junction. The rather linear relation between transition voltage
shifts and level shifts calls for further study into the
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Figure 4. Isosurfaces of the calculated orbitals that dominate electronic transport. Left: Isosurface plots of the two (degenerate) LUMOs of an
isolated ferrocene. Center and right, respectively: isosurface plots of selected electron wave functions of the Ag—ferrocene—Ag junction and their
energies (with respect to Fermi energy) for the parallel and perpendicular configurations (at interelectrode separations of 9.81 and 6.2 A, which
correspond to the blue curves in Figure 3ab). These energies lie in the immediate vicinity of the unoccupied transmission resonances. All
isosurfaces contain 93% of the wave function. The plots also contain ball-and-stick models of the structures (color coding of the atoms: white (H),

black (C), pink (Fe), and silver (Ag)).

mechanistic details behind it, which are beyond the scope of
this Letter.

To better understand the nature of types 1 and 2, we turn to
density functional theory (DFT) and electron transport
calculations (see Supporting Information for details), as
presented in Figure 3a—f. For the range of interelectrode
displacements that is considered in the experiments, the
molecular junction can adapt, according to our calculations,
two distinct stable configurations with parallel and perpendic-
ular molecular orientations with respect to the electrode axis,
as illustrated in the insets of Figure 3a,b. The calculated total
energy as a function of interelectrode separation is presented in
Figure 3f for each of these junction configurations. The two
energy curves have a clear minimum at different interelectrode
separations. At short distances, the perpendicular configuration
is energetically preferred, while for longer distances, the
parallel configuration is more stable. A similar behavior was
also reported for Ag—vanadocene—Ag junctions by Pal et al.*

Figure 3a,b provides the calculated transmission for various
interelectrode distances for the two configurations. Here,
displacement indicates the distance between the apex atoms of
the two electrode tips. The transmissions for the parallel
configuration can essentially be understood as being rigidly
shifted toward lower energies upon mechanical squeezing.
Namely, a mechanical gating is observed, where both the
highest occupied molecular orbitals (HOMOs) and the lowest
unoccupied molecular orbitals (LUMOSs) are shifted to lower
energies with no significant changes in the HOMO—-LUMO
gap.n Below the Fermi energy (taken as zero), pairs of narrow
resonances can be seen (HOMOs), while above the Fermi
energy, a single broad resonance is found. Its peak transmission
is 2, pointing to a two-channel or two-orbital origin (LUMOs).
The transmissions for the perpendicular configuration have a
richer structure with narrow peaks on both sides of the Fermi
energy. Also, the evolution of transmission as a function of
stretching is more complex in this case than that for the parallel
molecular configuration. However, in contrast to the former
case, no clear shifts in the transmission peaks are observed
when the interelectrode distance is modified in the given range.
Thus, mechanical gating is not found for the perpendicular
configuration. We note that in both configurations the
transmission resonances are highly asymmetric due to
quantum interference,”* similarly to the asymmetries reported
for molecular junctions based on a ferrocene derivative.®

To have a more transparent comparison with the measured
data, the described transmission can be directly converted to
calculated differential conductance, as presented in Figure 3¢,d,
assuming a similar voltage drop across the two electrode—
molecule contacts (see eq S3 in the Supporting Information).
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When the molecule is oriented parallel to the junction axis,
shifts of peaks are seen, as also found in the experiments for
type 1. However, for the perpendicular molecular orientation, a
similar effect cannot be found, in agreement with the absence
of mechanical gating in the measurements of type 2. Note that
the features in Figure 3¢,d are sharper than those found in the
measured spectra in Figure 2¢,d, since the experimental data
are widened by the finite temperature and mainly by the lock-
in modulation used for differential conductance measurements.
An elaborated discussion about the relation between trans-
mission and differential conductance in break junction
experiments can be found in the Supporting Information,
section S.

Figure 3e reveals charge transferred from the electrodes to
the molecule in equilibrium as a function of interelectrode
displacement. The slope is larger in the parallel junction,
suggesting that charge reorganization plays an important role
in the gating mechanism (see Supporting Information, section
6). The mechanical gating response for the parallel molecule
configuration and the absence of this effect for the
perpendicular configuration can be ascribed to the orientation
of the molecular orbitals that dominate transport with respect
to the electrodes and their coupling to the frontier electrode
states. Figure 4 presents calculated isosurfaces of the two
degenerate LUMOs for an isolated ferrocene, as well as the
LUMOs for the parallel and perpendicular junction config-
urations (calculations were done for a cluster of a single
molecule bridging two metal apexes, as explained in the
Supporting Information). As can be seen, the junction
LUMOs, which are associated with the broad transmission
peak above the Fermi energy in the parallel configuration, and
the two narrow peaks above the Fermi energy in the
perpendicular configuration resemble the LUMOs of the
isolated molecule. These orbitals have a significant z-character
on the carbon rings; i.e., the wave function spreads away from
the ring plane perpendicularly.”® The remaining contribution
to the LUMOs comes from the Fe 3d atomic orbitals.
Therefore, the molecular LUMOs overlap with the electrodes
much more efficiently in the parallel configuration than in the
perpendicular configuration. This difference makes the LUMO
coupling to the frontier electrode states in the parallel
configuration more sensitive to changes in the interelectrode
distance (seen in Figure 3a as a different width of the broad
LUMO peak for different interelectrode distances) than in the
perpendicular case. Thus, the orientation of the LUMO with
respect to the electrodes affects the mechanical gating
efficiency: When the electrodes are pointing to the less-
localized part of the LUMO on the carbon ring, mechanical
manipulations likely induce orbital modifications and asso-
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ciated charge transfer. In contrast, when the electrodes are
pointing toward the more localized part of the LUMO on the
Fe ion, mechanical manipulations have a reduced effect on the
local orbital structure and the associated charge redistribution.
These findings illustrate that molecular orientation, as well as
the distribution of molecular orbitals in space are important
parameters for the design and control of mechanical gating in
molecular junctions and generally for mechanically induced
charge transfer in metal-molecule interfaces. Interestingly,
based on our analysis, efficient mechanical gating is promoted
by delocalization of the frontier molecular orbitals that point
toward the electrodes, while for electrostatic gating in single-
molecule transistors, efficient gating by a gate electrode is often
promoted by more localized orbitals on the molecular bridge,
with a rather low coupling to the electrode states.

Note that both Au and Ag form molecular junctions with
metallocenes, and due to the dominant role of frontier s states
for both metals, a similar behavior for Au—ferrocene—Au
junctions may be expected. In ultrahigh vacuum conditions
(including cryogenic vacuum conditions), the elongation of Au
junctions produces atomic chains that may complicate data
analysis. Therefore, in this study, we preferred to use Ag
electrodes. Finally, we note that our calculations do not take
into consideration the effect of electrode polarization.”**”
However, the good agreement between our experiments and
calculations indicates that this effect is not dominant in the
examined case.

To conclude, we showed by experiments and calculations
that mechanical gating of molecular junctions depends on the
orientation of the molecule in the junction. In the extreme
demonstrated case, the same molecular junction can either
experience mechanical gating or not, depending on the
molecular orientation with respect to the electrodes, as well
as on the nature of the interaction between the molecular
orbitals and the continuum states of the electrodes. These
findings emphasize the importance of geometry and local
orbital structure in the context of charge transfer across metal-
molecule interfaces and point toward a way to control
mechanical gating of charge, spin, and heat transport in
molecular junctions.
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