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ABSTRACT. Exploring the limits of the microscopic reversibility principle, we investigated the
interplay between thermal and electron tunneling excitations for the unidirectional rotation of a
molecule-rotor on the Au(111) surface. We identified a range of moderate voltages and
temperatures where heating the surface enhances the unidirectional rotational rate of a
chemisorbed DMNI-P rotor. At higher voltage, inelastic tunneling effects dominate while at
higher temperature the process becomes stochastic. At each electron transfer event during
tunneling, the quantum mixing of ground and excited electronic states brings part of the surface
thermal energy in the excited electronic states of the molecule-rotor. Thermal energy contributes
therefore to the semi-classical unidirectional rotation without contradicting the microscopic

reversibility principle.



The unidirectional rotation of a single-molecule rotor adsorbed on a surface cannot be induced
thermally without breaking the microscopic reversibility principle.' According to the energy
equipartition theorem, the thermal energy coming from the surface is equally distributed to all
accessible mechanical degrees of freedom of the rotor, leading to random movements.””

To make unidirectional rotation possible, one should include the electronic excited states of the
molecule (completely or in a quantum mixing),* a possibility which is absent for a classical rotor.
This is for example the case of the Feringa et al. molecular motors,” which rotate always in the
same direction when excited by UV light in solution, bringing the molecules from their
electronic ground state (So) to their excited state (S;).”

The intramolecular mechanics of an isolated molecule is quantized. A simple example is a
single NH3; molecule in a cold molecular trap, where rotation and vibration spectra can be
recorded.””’ Instead, using PF; molecules on a solid surface, leads to gearing effects on the
electronic ground state. This was first detected by electron stimulated desorption spectroscopy.®”
On a surface, however, the soft quantum mechanical degrees of freedom of both NH; and PF;
rapidly decohere, and the rotation around their umbrella axis becomes random and semi-
classical.'” A similar mechanical decoherence occurs for the rotation of larger adsorbed
molecules like terbutyl-decacyclene on Cu(100)."" At room temperature, this molecule was the
first to show a classical random rotation after manipulation with the tip of a scanning tunneling
microscope (STM). This random rotation occurs in the ground electronic state respecting the
microscopic reversibility principle.

At low temperature (T =5K), a single O, molecule can rotate step-by-step, but still
randomly.'> W. Ho and co-workers were the first using STM inelastic tunneling electronic

excitation to trigger the rotation of a single isolated molecule. Also in that case, the O, rotational



motion is semi-classical, but the energy for the rotation is delivered by the tunneling current
producing multiple electron transfer events per second through O,. At each electron transfer
event, a quantum mixing of the virtual cationic ground state and the anionic excited electronic
states occurs, with a very short femtosecond quantum occupation time.'? This experiment was
followed by several others, where chiral or asymmetric molecules adsorbed on a surface were
investigated aiming at reaching unidirectional rotation by inelastic electron tunneling.>> ">

Keeping the STM bias voltage and current as small as possible to avoid any inelastic tunneling
effects, molecule-rotors in the ground state were further investigated by increasing the surface
temperature, thus observing random rotations.” Recently, the unidirectional rotation induced by
inelastic tunneling at low temperature was shown to be maintained also at a temperature higher
than 5 K. In that case, the structural asymmetry was not provided by the small C,H, molecule
itself but by the chiral supporting surface.

Understanding the interplay between thermal and electronic excitations for the controlled
rotation of a single-molecule rotor is then important for the design of single-molecule machines
able to store thermal energy or to produce work. In terms of quantum engineering, this opens
fascinating perspectives in the direction of mono-thermal motors."’

In this article, we studied the role of thermal energy and electronic excitations for the
controlled rotation of a single-molecule rotor on a metal surface. We first separately investigated
the starting point of random thermal rotations (by increasing the temperature from T =5 K) and
of unidirectional rotations induced by inelastic tunneling electrons (by STM bias voltage pulses
small in voltage and very long in time keeping T =5 K). Then, we combined tunneling electrons

with moderate heating to understand how thermal energy contributes to the one-way rotation.



RESULTS AND DISCUSSION
We selected the DMNI-P molecule-rotor chemisorbed on Au(111) (Figure 1). Compared to

31218 this molecule strongly chemisorbs at low molecular coverage

other single-molecule rotors,
on Au(111), making it impossible to induce any lateral movement on the surface."” In the STM
tunnel junction, the needed structural asymmetry is carried internally by the molecule-rotor itself.
At a temperature of 5 K, the isolated DMNI-P molecules in known to reliably rotate in one
direction by a bias voltage of V >350 mV applied for a few seconds." This specific molecule-

rotor therefore represents a well-suitable model system to investigate the onset of the

unidirectional rotation by combining thermal and low-voltage tunneling electronic excitations.

Figure 1. (a) Chemical structure and (b) adsorption geometry of the DMNI-P molecule-rotor on

the Au(111) surface, calculated by density functional theory.

As presented in Figure 2, at T=5K a series of voltage pulses (typically V=500 mV,
[=250pA, t =10 s) produces the controlled unidirectional rotation of the molecule in steps of
60° around the anchoring position at the oxygen atom. Note that the entry port for the electron
tunnelling allowing a one-step rotation is at the methyl group on the opposite side of the Au—O
bond, where repositioning of the tip after each pulse is necessary. Since DMNI-P is a chiral with
the fixed Au-O anchoring point (Figure 2: namely a “left DMNI-P”), we observed opposite
rotational direction with right DMNI-P."® At these tunneling conditions, a single rotation step of

60° always in the same direction is reproducibly (99% of the cases from 195 pulses on different



rotors) observed within 5s. Such reaction time is extracted plotting the tip height over time

during the pulse (z(t), see Figure S2 Supporting Information).
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Figure 2. STM images sequence of the tip-induced unidirectional rotation of DMNI-P on
Au(111). The molecule rotates counterclockwise (CCW) over six stations of 60°. From left to
right: STM topography of the same DMNI-P rotor at each step. The position of the STM tip
during the voltage pulse is depicted as “x”. The black mark indicates the anchoring position.
Each voltage pulses were applied under I = 250 pA and V = 0.5 V for 5 s in constant current

mode. Images size: 3nm x 3 nm, [=5pAand V=02 V.

Thermal excitation

We first consider the thermal heating of the Au(111) surface. We stepwise increased the
surface temperature T by the steps of 0.5 — 1 K in order to determine the minimum T triggering a
random rotation of the molecule-rotor. For each temperature step, we let the system relax
reaching a thermal equilibrium in the STM junction. For STM images we used very low voltage
and tunneling current (typically [=5pA and V=10mV). At these conditions, inelastic
tunneling effects involving electronic excited states and tip interactions with the molecule-rotor
are negligible. The first rotation event was detected at T = 12 K after waiting 17 hours (See
Supplementary Movie 1). When increasing T further, we observed more frequent random rotary

motions (Figure 3a and 3b recorded at T=17 K and T =23 K respectively, and Supplementary



Movie 2 for T = 15 K). At T=29 K, the STM image recorded during the rotation of the
molecule shows a hexagonal shape (Figure 3¢) indicating that the molecule-rotor randomly visits

the six stable rotational stations during the scanning.
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Figure 3. Thermal activation of DMNI-P rotation. (a) The molecule starts rotating at T = 17 K,
(b) while it becomes faster at 23 K. (c) At 29 K it appears as hexagonal shape since it rotates
faster than the scanning of STM image. STM images: size 4 nm x 4 nm, (a) [ = 5 pA,
V=100mV, (b) I=5 pA, V=200 mV, and (¢c) I =5 pA, V = 10 mV, scanning speed: 17.3
s/image. The thermal excited rotation frequency shows an Arrhenius behavior, resulting in an

energy barrier of E¢x =29.2 £ 4.7 meV.

The observed thermal-induced random rotation shows an Arrhenius behavior indicating a
rotation energy barrier of Eex = (29 = 5) meV (Figure S3, Supporting Information), significantly
higher than the value obtained for the shorter DMBI-P molecule-rotor with a phenyl less,” where
a rotation energy barrier E¢x = (5 £2) meV was observed. The extra phenyl increases the van der
Waals interactions with the Au(111) surface, as confirmed by DFT calculations with vdW
corrections (see Supporting Information).

In agreement with the microscopic reversibility principle, the experiment confirms that a
purely thermal heating of the DMNI-P molecule-rotor does not induce a unidirectional rotation,
but only a random one. It is also interesting to note that the anchoring of the molecule-rotor on
the surface survives at least up to 77 K, where random and very fast oscillations are observed

(Supplementary Figure S4). Even at this relatively high surface temperature, the rotational



dynamics remains in the electronic ground state, where only 6 stable stations can be observed on

Au(111).



Electronic excitation at low temperature

In the second part of the experiment, we kept the temperature constant at T = 5 K, aiming at
determining the smallest possible electronic excitation inducing a directional one-step rotation of
60°. By progressively reducing the STM bias voltage, we measured how the time needed to
observe a one-step unidirectional rotation event extends from a few seconds to many hours
(Figure 4a and 4b). The experiment was systematically repeated on the same molecule (shown in
the inset of Figure 4a) after decreasing the bias voltage and increasing the pulsing time duration
(always keeping the same tunneling current I =700 pA). At 150 mV, the first one-step directed
rotation event was observed while keeping the STM tip apex at the same position on the
molecule-rotor for 35 950 s (around 10 h) in a 12 h pulse (applied at the position of the red cross
in the inset of Figure 4a). The lateral thermal drift is negligible in our experimental setup.

After 139 pulses, we plotted the response time as a function of the bias voltage (Figure 4a).
Each response time is measured on the corresponding z(t) curve (like in Figure 4b). The obtained
experimental yield, or action spectrum'® (Y = R(I/e)), is plotted in Figure 4c. For V > 400 mV,
we confirm the nearly constant yield of about 5 x 10™'? rotations/electron previously reported,'
which is assigned to the onset of the C-H stretch vibrational mode at 370 meV. This vibration is
the principal energy entry port to trigger a one-step rotation event in the higher bias voltage
range. At lower bias voltage, we observe a sharp drop of the yield between 330 and 400 mV,
while another nearly constant region appears at 200 — 300 mV. For V <200 mV, a rapid decrease

of yield is again observed, reaching the low yield of 6 x 107" rotations/electron at 150 mV.



40000
35000+ * a
30000

325000 i @) @

® 20000 F

(

tim

ns

2 15000

esp

5000 |-

L]
" _EgEn
ok "N e 2 "o omom A
L 1 1 '} L 1

100 200 300 400 500 600 70O
Bias voltage (mV)

0.95}+
E Mﬁ lf'i "“'W' "\"""'ﬁlm b
= 0.90 W
3 :W'w
0.85 ; - : -
0 10000 20000 30000 40000
Time (s)
1E-10 ¢ i =
—_ = []
5 !/’/. 1 I
S 1E-11} ]
: £
B
S 1E12} fﬁ ]
3 x-“pi f
e
5 E-13F E
o '
> u
1E-14} C -

200 300 400 500 600 700
Bias voltage (mV)

Figure 4. (a) Response time for a unidirectional rotation over the applied bias voltage. Inset

shows a one-step directional rotation of DMNI-P, where the red cross depicts the position of the

tip during voltage pulse. (b) Relative tip height versus time Az(t) measured during the pulse. A

rotation event was observed after 35 950 s in a 12 h pulse (I =700pA, V =150 mV). (¢) Yield

versus bias voltage for the rotor at pulses I = 700 pA. Due to the long waiting time, no statistical

analysis was possible and only one (red-marked) data point was recorded in (b). The data have
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been fitted by the action spectra function of Ref. 19 for two modes, one at 165 mV and one at

370 mV.

By fitting the data (continuous line in Figure 4c), there are two thresholds, one at 165 meV and
the other at 370 meV, corresponding to a large density of DMNI-P deformation mode (C-C
stretch manifold) and the above-mentioned C-H stretch mode of DMNI-P, respectively. Those

modes contribute to the unidirectional rotation, providing the rotational energy inelastically.

Thermal with inelastic electronic excitation

To investigate the interplay between thermal energy and tunneling electronic excitations, we
determined the range of temperatures and STM bias voltage pulses where both thermal heating
and electronic excitation contribute to the rotation. We therefore repeated the above rotation
experiments by applying STM voltage pulses (50 mV <V <500 mV) increasing progressively
the temperature in the interval 5 K <T <17 K. In such conditions, we observed a faster rate of

unidirectional rotation for T > 5 K while applying voltage pulses.
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Figure 5. Interplay between thermal and inelastic electronic excitations for unidirectional
rotation. Rotation rate dependence on the bias voltage at various temperatures (5, 12, and 15 K)

at [ =700 pA.
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In Figure 5, the rate of the unidirectional rotation (1/reaction time) depending on the voltage is
plotted for three different temperatures (all data points measured at I = 700 pA). Increasing the
temperature leads to a faster response time for unidirectional rotation. This effect is diminished
by increasing the voltage, becoming negligible for V >500 mV. At this energy, the C-H
vibrational mode is excited and the inelastic electronic excitation becomes the dominating energy
source for a one-way rotation, thus overcoming the STM junction temperature contribution.
Action spectra taken at T = 12 K and 15 K are shown in Supplementary Figure S5.

In Figure 6, we summarize the mechanical response of a single DMNI-P molecule-rotor by the
combination of thermal and tunneling electronic contributions. On the X,y base plane, the applied
voltage and temperature are indicated. The blue dots correspond to observed unidirectional
rotation, and the orange dots to the (T, V) values where we observed random rotations. On the
x-z vertical curve, the yield curve is sketched from Figure 4c for the inelastic electronic
excitation at T =5 K, illustrating the two main thresholds. According to Figure 4c, three regions
are determined by the excitation energy threshold of soft mechanical and the C-H stretch modes

at 165 meV and 370 meV, respectively.
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Figure 6. Summary of combining thermal and electronic excitations. Plot of yield over bias
voltage and temperatures for rotation. The orange dots indicate the conditions for random

rotation, the blue ones the unidirectional rotations. The yield curve is sketched from Figure 4c.

In Figure 6, we can identify four different (T, V) rotation regimes, indicated with different
colors in Figure 6, and discussed in the following:

(1) The small grey area indicates the very low voltages and surface temperature regimes,
where no rotation events have been observed, or experiments were not performed. In those
conditions we do not expect the creation of a rotation minimum energy path (random or not) on
the ground state potential energy surface.

(2) The light blue area corresponds to the (T, V) values between 5 K <T < 12 K where a step-
by-step unidirectional rotation takes place by applying a bias voltage (150 mV <V <700 mV).
In this area, the inelastic tunneling electrons provide energy to the molecule-rotor via vibrational
modes. At each electron transfer event, such tunneling electrons virtually occupy both cationic
ground Sy+(0) and anionic excited S;-(0) electronic states, where 0 is the angle of rotation.” The
occupation is virtual because the S¢+ and S;- tunneling resonances are more than 2 eV far from
the bias voltage of the C-H stretching excitation (see Supplementary Figure S6). In these
conditions, the vibrational energy is able to trigger a dynamical path on the potential energy
surface S;-(0) to pass over the rotation barrier, without contradicting the microscopic
reversibility principle. The needed asymmetry of the S;-(0) surface respect to the Sy+(0) is
coming from the chirality of the molecule and by its charge separation in the electric field of the
STM junction. At small bias voltage, the long response time can be explained by the competition
between the intramolecular vibration energy redistribution and the energy relaxation towards the

Au(111) surface.
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(3) In the yellow area, both blue and orange points are present, i.e., both unidirectional and
random-direction rotations are possible. When reducing the bias voltage to nearly 0V, the
molecule rotates randomly. Interestingly, increasing the surface temperature (12 K < T <20 K)
with a bias voltage 50 mV <V <250 mV keeps the rotation unidirectional, thus significantly
reducing the rotation response time (Figure 5). In this narrow (T, V) range, the inelastic
tunneling effect is weak with a low probability of exciting low-energy vibrational modes at
165 meV and below (Figure 4c). As already mentioned, the tunneling current can be described
by a quantum mixing of the S¢+(0) and S;-(0) virtual electronic configurations. Therefore, at
each electron transfer event, part of the thermal energy coming from the surface is redistributed
intramolecularly and trigger a dynamical path on the S;-(0) potential energy surface. This means
that the rotational barrier on S;-(0) can be overcome, and a one-step of unidirectional rotation
happens similarly as discussed above for inelastic effects. In other words, each electron transfer
event “projects” part of the thermal energy captured by the molecule-rotor on the S;-(9) state,
practically sharing it between Sy+(0) and S;-(0). This is a quantum motor as presently discussed

'7 The thermal contribution to the unidirectional rotation

in quantum information theory.
diminishes at higher voltages (Figure 5), indicating that the opening of the inelastic C-H stretch
channel is taking the lead to project energy to the S;-(0) state, making the thermal contribution
negligible.

(4) In the orange area (T > 20 K and independently of the bias voltage 0 <V <700 mV) the
rotation is non-directional. The surface temperature is now too large to take advantage from the

topology of the S;-(0) potential energy surface relative to Sy+(0) described above, and the

rotation becomes a stochastic process.
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CONCLUSIONS

In conclusion, we have investigated the unidirectional rotation of chemisorbed DMNI-P
molecule-rotors on the Au(111) surface induced by thermal and tunneling electronic excitations.

While in a well identified voltage and thermal range the induced rotation can be clearly
separated as due to thermal effect (random rotation) or electronic inelastic excitations
(unidirectional rotation), there is a narrow area of voltages and temperatures where the surface
thermal excitation enhances the unidirectional rotational rate. This effect can be rationalized
describing the electron transfer events during tunneling by a quantum mixing of virtual
electronic states. During each of those events, part of the thermal energy captured from the
surface is distributed among the electronic states of the molecule-rotor, increasing the probability
of overcoming the rotational energy barrier. In this specific voltage range, the probability of
inelastic excitation of vibrational modes is small, and a unidirectional rotation of the molecule-
rotor is observed even without involving inelastic tunneling effect, opening new perspectives for

the development of quantum motors.

METHODS

The Au(111) single crystal was cleaned by subsequent cycles of Ar+ sputtering and annealing
to 450 °C. 2-(1,3-dimethyl-1H-naphtho[2,3-d]imidazol-3-tum-2-yl) phenolate (DMNI-P)
molecules were sublimated from a quartz crucible at T = 225 °C on a clean Au(111) surface held
at room temperature under ultra-high vacuum (UHV) conditions (p = 1 x 10™'° mbar). STM
experiments were performed by using a custom-built instrument operating at low temperature
under UHV conditions. For thermal excitation measurement, the surface temperature was

controlled by a Zener diode (I, V) with a temperature measurement resolution of 0.1 K. The
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system was stabilized for at least 1 hour in order to achieve thermal equilibrium for each target
temperature step. All shown STM images were recorded in constant-current mode with the bias
voltage applied to the sample.

Voltage pulses manipulations were performed by positioning the STM tip above the molecule
and subsequently ramping up the voltage bias. Both constant current and constant height modes
were employed depending on the types of measurements. z(t) or I(t) curves, respectively, were
recorded during the pulses, detecting the movement of the molecule. For constant height
measurements, the tip—surface distance was calibrated by recording I(z) curves. STM images
were recorded before and after the application of the pulse, determining the displacement of the
molecule. STM images were taken under non-destructive parameters (e.g., V=0.2 V, I =5 pA).
The rotation events were collected from the signal of tip height over time, where a sudden jump
of signal can be observed. The corresponding yield (events/electron) calculations were done by
the average of the population for all fixed voltages and currents (typically n > 10 for each point
unless specifically described), and the statistical error was evaluated by standard deviation.

For geometry optimization and reaction path calculations, we used the DFT method as
implemented in the CP2K software package (cp2k.org) with the Quickstep module®. The
Perdew-Burke-Ernzerhof exchange-correlation functional®', the Goedecker-Teter-Hutter pseudo-
potentials®® and the valence double-{ basis sets, in combination with the DFT-D2 method of
Grimme™ for van der Waals (vdW) correction were applied. We used 6 layers of gold, where the
3 upper layers were allowed to be relaxed (planar supercell 29.8 x 19.9 A, vacuum size 40 A,
maximum force 4.5 x 10” a.u.). The data was analysed, and the images were generated by the
PyMOL Molecular Graphics System, Version 2.4 open-source build, Schrodinger, LLC.

The fitting of the action spectrum of Fig. 4c by the theory of Ref." was calculated by:

16



2 AQ . 2(eV - hQ) _ 2hQ o ()2 + (6/2)?)
=K [_ (1 - _> (tan o + tan o ) + 2meV OB ((eV —hQ)?% + (0/2)?)

T eV

where K is the overall yield that controls the order of magnitude of the measured yield Y, V is
the applied bias, Q is the angular frequency of the vibrational mode mediating the reaction, and
o is the broadening of the reaction threshold. The fitting curves are controlled by basically two
parameters; (2 fixes the threshold of a non-zero yield, and o controls how fast the yield goes

from zero to a measurable value.

ASSOCIATED CONTENT
Supporting Information. The following files are available free of charge:

e A supporting information PDF file is containing further experimental results and

supplementary calculations.

¢ A mp4 movie (moviel.mp4) showing the random movement at T = 12 K. The STM
images are repeated every 15 minutes. All STM images were taken under [ = 5 pA and

V =100 mV, image size 30 nm x 30 nm.

e A mp4 movie (movie2.mp4) showing the random movement at T =15 K. The STM
images are repeated every 15 minutes. All STM images were taken under I = 5 pA and

V =50 mV, image size 30 nm x 30 nm.
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