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1. Determination of experimental parameters

We obtain w, and w,, (Eq. 1 and 2 in the main text) by applying a voltage to the piezo and junction
respectively, as a function of time, as a sine wave at the desired frequency. The conductance FFT
spectrum of a modulated trace (Figure 1B in the main text), showing clean peaks at w, and w,
confirms that the actual measured frequency is the same as the applied frequency. The junction
voltage is measured through a data acquisition system (NI PXI-4461), and we determine V; to be

26 mV in our experiments.

Calibration of piezoelectric amplitude x, using tunnel junctions

The procedure for amplitude calibration involved a push-pull experiment! where, upon rupture of
the junction, the electrodes are pushed towards each other at constant speed. Figure S1A shows
this procedure for one trace. During the “push” region, the measured conductance can be observed
to increase from the instrument noise value to the Au-Au contact value of > 1G,. The conductance
follows an exponential increase with decreasing length and a decay constant f (main text Eq. 1).
Note that due to relaxation of the gold electrodes during separation (“snapback™)!-3, we cannot fit
the “pull” segment of the trace with this equation. We measure a 8 of 0.91 A~ based on the slope
of a Gaussian fit of the 2D conductance-displacement histogram (Figure S1B) for a clean gold

measurement in air, which is comparable to the value found for tunnel junctions in literature® >.

We then use the method presented in the main text (main text Eq. 5) to obtain b for the Au-Au
tunnel junction. Since for a tunnel junction § = b (Eq. 3 in the main text), we can calibrate the
piezo amplitude and obtain the value of x;, the modulation amplitude of the piezoelectric actuator.
In Figure S1C, we take the normalized FFT magnitude of the conductance at the piezo modulation
frequency, wy,, and determine value of § = Gwp /Gavg 1s 1.05, which from Eq. 5 in the main text,

suggests an amplitude of x; = % = % = % ~ 1.2 A
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Figure S1. (A) Push-pull measurement for a single trace. Top panel: programmed piezo position
as a function of time, with zero displacement (d=0) at the start of the trace when the electrodes
are in contact with a conductance greater than 5G,. Bottom panel: conductance as a function of
time. (B) 2D histogram of displacement against conductance of a Au tunnel junctions during the
push region of the measurement, of over 15 000 acquired contiguously, aligned at 0.5G,. (C) 2D
histogram of normalized FFT magnitude at the piezo modulation frequency against the average
conductance during the hold, using the procedure in the main text.

Delay in piezo response to the piezo voltage input

The delay in piezo response is small compared to the length of a modulation cycle. This delay
compared to the length of one cycle is around 15 degrees on average, as shown in Figure S2. For
a sinusoidal modulation, the phase of the conductance FFT during the modulation without delay

is expected to be 90 degrees, and we measure on average 105 degrees.
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Figure §2. 2D histogram of the phase of the FFT of the conductance of molecular junctions during
modulation at wy, of over 10000 traces of molecule 2, selected according to the criterion described
in the methods section in the main text. The dashed line indicates the expected phase if no delay is
experienced in the measurement.



The phase being consistent throughout the measurement indicates that the delay is constant and
should not affect the conductance FFT magnitude, which is what we base our results on in the

main work.

Estimation of mean electrode separation x for the molecular junctions

Due to the snapback mentioned above, x, (main text Eq. 1) cannot be measured exactly for each
trace. However, an estimate can be obtained from the difference in electrode displacement between
when a gold atomic contact is formed at a conductance of G, to when the molecular junction is
formed (Ax;, in Figure S3A). In practice, x, > Ax,;, due to the additional snapback (Au electrode
relaxation) upon breaking the Au-Au contact. As a comparison, Figure S3B shows Ax; of
molecules 1 and 2 in the main text. This result confirms that the junctions for 1 are in general
longer than for 2 by a small amount (on the order of angstroms), which is expected given the
geometries of these molecules. This also rules out the possibility of 2 forming m-stacked dimers in
the junction, as these are expected to have a comparably larger x,, and hence Ax,; than the

monomer junction (See SI section 4 for an example).
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Figure S3. (A) Conductance trace (red) of a single molecular junction against the electrode
displacement, where the molecular junction is modulated in a similar fashion to Figure 1B in the
main text. Indicated on the diagram is Ax,y, the difference in displacement between breaking the
Au-Au atom contact at G, to where we hold the electrode separation at x, and apply a modulation.
In the absence of snapback, Axy, = x,. The inset shows the conductance FFT spectrum of the trace
during the hold. (B) Normalized histogram of Axy for molecules 1 and 2 in the main text (see
Figure 24 for chemical structures) over thousands of traces, at 500 mV (average) applied bias.



2. Eliminating linear dependence of conductance and amplitude with modulation response.

Figure S4A and S4B show that normalizing G“’p by G,y removes the correlation of Gwp with
conductance, and hence ¢ = bx; = Gwp /Gayg can be used to compare molecules and junctions
with different conductances (although not to be confused with the exponential decay constant for

tunnel junctions* or molecular series®!'!). Furthermore, b = lewp /Gayg (main text Eq 5) is
1

independent of x;, the displacement modulation amplitude, at least in our regime of small

modulation amplitudes, as shown in Figure S4C and S4D.
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Figure §4. (4) 2D histograms of G, against Gayg for molecule 1 measured at an average bias of

500 mV with a voltage modulation amplitude of 26 mV and displacement modulation amplitude of
1.2 A. (B) Data in (4) normalized by the average conductance. (C) 1D histogram of conductance-
normalized FFT magnitude G, /Gavg at different distance modulation amplitudes as indicated in
each panel for molecule 1. Gaussian fits are drawn to guide the eye. Gy oqe IS the most probable
value of G, /Gavg- (D) Gmode displayed for each modulation amplitude in (C) against modulation

amplitude. The slope of the linear fit is b (effective decay constant as described in the main text).



3. Second harmonic peaks in FFT for molecular junction.
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Figure S5. Histograms of the ratio of first to zeroth harmonic and second to first harmonic of (4)
Au tunnel junctions (B) Molecule 2 and (C) Molecule 1. The dashed line indicates where peak of
the histogram for ratio of the second to first harmonic would lie if the molecular junction followed
an exponential decay model described by Eq. 3 in the main text.

4. m-stacking interactions.
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Figure S6. (A) Schematic representation of i) the 4,4"-diamino-p-terphenyl high-conducting
Jjunction, and ii) 4,4"-diamino-p-terphenyl low-conducting 7-stacked junction, as described in
Magyarkuti et al.’? (B) 2D histogram of the effective exponential conductance decay against
average conductance, and (C) 2D histogram of the normalized dI/dV against average conductance,
of the 4,4"-diamino-p-terphenyl molecule. The overlay is a 1D histogram of the conductance
during the hold.

As a proof of concept, this modulation method can also distinguish junctions formed by other weak
interactions such as those by m-stacking. As has been previously shown'?, the 4,4"-diamino-p-
terphenyl molecule forms both a high-conducting and low-conducting junction, indicative of a

single-molecule and m-stacked junction, respectively. We show in Figure S6 that the high-
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conducting and low-conducting junctions are distinguishable using the method we present in the
manuscript (see Figure 1 and Figure 2). Interestingly, the differential conductance for the m-

stacked junctions is broadly distributed.

10k =1 All junctions
: 37

m G<107 Gy
m G>10"

0.8

0.6

Counts

0.4

0.2

00 e
0.0 0.5 1.0 1.5 2.0

Distance Ax, (nm)

Figure S7. Measure of electrode separation Ax, (see SI section 1 for details) of the high-
conducting (monomer) and low conducting (dimer) junctions. The high-low conductance cutoff of
10737 G, was determined by using the intersection of a double Gaussian fit of the conductance
histogram of the 4,4 ”-diamino-p-terphenyl molecule.

5. Polarizability and dipole moment of molecular orbitals.

Figure S8. Model of 2 without electrodes (light blue: H, grey: C, light yellow: S). The red line
indicates the S — C direction of the added external electric field vector in the calculation.

Using the FHI-aims package'?, we relax the geometry of molecule 2 without electrodes and
calculate the dipole moment and polarizability with and without a field. The dipole moment of
molecule 2 is 1.88 Debye without an external field and 2.76 D (or 0.575 €A) in a 500 mV/nm field
pointing along the dipole. This dipole moment is not large enough to cause the molecule to reorient

in the field since the potential energy under a 500 mV/nm field is:
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which is close to k7" at room temperature, and critically, much less than the Au-SMe bond energy,
which is closer to 0.5 eV.!* Thus, the electric field itself is unlikely to change the molecular
orientation in the junction. The mean polarizability changes from 252.34 a3 to 252.60 a3 upon
addition of the 500 mV/nm field. This is not a significant increase indicating that the electronic

structure of the molecule is not changed significantly in the field.
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