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Scaling devices to the atomic limit
On the advent of nanotechnology, tiny motors were among 
the first devices to catch the imagination of scientists. Ac-
cordingly, in his seminal 1959 lecture “There’s Plenty of 
Room at the Bottom”, Richard Feynman has put forward two 
challenges [1]. The first was to shrink letters to a size, which 
allowed writing the whole Encyclopedia Britannica on the 
head of a pin and was achieved in 1984 [2].
The second Feynman challenge read:
"It is my intention to offer a prize of $1,000 to the first guy 
who makes a rotating electric motor which can be controlled 
from the outside and, not counting the lead-in wires, is only 
1/64th inch cubed." [1] (1/64th inch ≈ 0.4 mm).
Less than a year later, William McLellan met this challenge 
with an electric motor consisting of just 13 parts and weigh-
ing some 250 µg [3]. The desire to achieve ever smaller 
dimensions remained, however, vivid and the first motors 
brought to molecular dimensions were reported in 1999 
[4,5]. These early breakthroughs triggered vast research 
effort, whose importance was acknowledge by the Nobel 
Prize in Chemistry in 2016 honoring "the design and syn-
thesis of molecular machines". To this day, most synthetic 
molecular machines, although driven by quantum process-
es such as light absorption and bond reconfiguration [6], ex-
hibit classical kinetics, whereas directed motion by quantum 

tunneling is largely elusive. In the following, we will recount 
the discovery and characterization of a highly unidirectional 
molecular motor, which is operating at the atomic size limit 
and at the frontier between classical and quantum tunne-
ling rotation [7]. Its essential parts, "not counting the lead in 
wires", amount to 16 atoms.

Characteristics of molecular motors
We like to start by defining the fundamental features, which 
qualify a system as molecular motor:

I	 Under the action of an external energy input, the sys-
tem switches between distinguishable states.

II	 The switching sequence of the states is time-ordered 
and allows distinguishing between forward and back-
ward direction of motion.

III	 After each full cycle the system returns to its initial 
state.

IV	 The specific atomic structure is relevant for its opera-
tion.

The next points are optional, but lead to a more stringent 
classification of molecular motors:

V	 The states of the system are distinguishable but equiv-
alent, i.e., energetically degenerate.

Figure 1: a) Schematics of periodic cycling of a flip-flop (i.e., a 
switch) through two (top) and of a motor through three (bottom) dis-
tinct states with the order of experimentally recorded states noted 
below each schematics. b) The PdGa(111) surface, with the atomic 
clusters that acts as stator for our molecular motor highlighted in 

saturated colors for the two chiralities of the surface in the central 
and bottom figure. c) Scanning tunneling microscopy and non-con-
tact atomic force microscopy signature of 9-ethynylphenanthrene 
trimers on the Pd3:A surface. The scale bars correspond to 1 nm. 
Figure c) is adapted from [8].
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VI	 Directed motion is stimulated without applying a direct-
ed force nor a synchronized energy input to the sys-
tem.

The unambiguous differentiation between forward and 
backward direction of motion, required from (II), implies that 
the motor cycles through at least 3 states (A, B and C, see 
fig. 1a)). Here, we might arbitrarily classify 'left-turning' as 
generating a sequence …ABCABC… and 'right-turning' as 
generating …ACBACB…. In contrast, a system switching 
between just two states (see top panel in fig. 1a)) represents 
a flip-flop and does not yield a time-ordered sequence. Re-
quirements (V) and (VI) further entail the need of the sys-
tem to exhibit inherent handedness, which distinguishes 
left-turning from right-turning, i.e., it must be chiral.

Design of our molecular motor
In our case the 3-fold symmetric (111) surface of the chi-
ral intermetallic compound PdGa provides the basis to 
fulfill the requirements listed above. Specifically, it is the 
PdGa:A(-1-1-1)Pd3 surface, labelled as Pd3:A [9]. Figure 
1b) schematically shows the top 3 atomic layers of the 
Pd3:A surface, which is characterized by a hexagonal lat-
tice of Pd trimers (large light-blue spheres). The chirality of 
the system and its relation to the scheme shown in fig. 1a) 
becomes more apparent if we concentrate on one atomic 
cluster, which is highlighted in the lower panels of fig. 1b) 
for Pd3:A (m1) and its mirror image Pd3:B (m2). One Pd tri-
mer provides 3 energetically equivalent, yet distinguishable 
rotation states of the motor, thus fulfilling condition (V). The 
surrounding lower-lying Pd (blue) and Ga atoms (red) break 
any mirror symmetry. The chirality of this surface has been 
effectively transferred to adsorbed 9-ethynylphenantrene 
molecules, which trimerize into a prochiral pinwheel struc-
ture with 99% of them showing the same handedness (fig. 
1c)) [8].
The cluster of 12 atoms in fig. 1b) constitutes the stator of 
our molecular motor. Its intrinsic chirality relaxes the struc-
tural requirements for the molecular rotor. That means, we 
can use very small and highly symmetrical molecules like 
acetylene to fulfill this role (see inset of fig. 2a)).

Probing the motion of the Pd3:A - acetylene motor
Scanning tunneling microscopy (STM) images of individual 
acetylene molecules adsorbed on Pd3:A at 77 Kelvin (K), 
reveal a peculiar bright, triangular signature of the molecule, 
as shown in fig. 2a). Instead of the expected 2-fold symme-
try, a 3-fold symmetric structure centered on a Pd trimer is 
observed.
Cooling the system to 5 K and taking successive STM im-
ages reveals the nature of the acetylene observed at 77 K. 

The molecules now appear dumbbell-shaped in 3 configu-
rations rotated by 120° to each other [10]. Figure 2b) shows 
that during the relatively slow STM image acquisition, some 
of the acetylene molecules suddenly change their rotational 
configuration (marked by the blue arrows), as revealed in a 
subsequent STM image (fig. 2c)). Accordingly, the image at 
77 K does not show static, but rapidly rotating molecules, 
such that the STM only detects a time-averaged image of all 
configurations at once. From the temperature dependence 
of the rotation rate, which we discuss later, we estimate that 
at 77 K the acetylene rotates with a frequency of a few MHz. 
The sequence of STM images in fig. 3a) shows the same 
acetylene molecule in its 3 distinguishable rotation config-
urations, which are labeled A, B, and C. Panel b) depicts 
schematic representations of the corresponding atomic con-
figurations.
The conceptual setup of the STM experiment is illustrat-
ed in fig. 3c). Here, the atomic structure of the sample is 
measured by the tip of the STM brought into tunneling con-
tact with the surface. At a fixed tip-position, any structur-
al modification on the surface close-by will show up as a 
change in the tunneling current. The current-time series of 
fig. 3d) presents such structural modifications as it shows 
23 current jumps between three well-defined values - each 
represents one of the rotational states of the acetylene mol-
ecule. The sequence of the rotational steps is perfectly or-
dered …ABCABC…, which proves the highly unidirectional 
(counter-clockwise CCW) motion of the molecular rotor. It 
further shows that the rotation is not continuous like for a fly-
wheel. Instead, the jumps happen theoretically within a few 
picoseconds and are followed by much longer rest periods. 
By determining the number of CCW (nCCW) and clockwise 
(CW) rotation events (nCW), we can quantify the directional-
ity d = (nCCW - nCW) / (nCCW + nCW) of the motor. Under ideal 
conditions, we could establish that d is above 97% with 2v 
confidence, which means that CCW rotation events is 100 
times more likely than CW ones.
Although it seems natural to attribute this high degree of 
directionality to the handedness of the PdGa stator, also the 
STM tip introduces handedness into the system due to its 
usually non-symmetric shape and position on the substrate. 
Indeed, the chirality of the STM tip has been deemed re-
sponsible for low degrees of directionality of 3 - 5 % in sur-
face anchored molecular rotors [11].
In order to clarify the role of the tip-position on the molecular 
rotation, we have measured 6400 time-series such as the 
one shown in fig. 3d) distributed on a 80 × 80 point grid span-
ning an area of 1 × 1 nm2. At 5 K and an applied tip voltage 
of 10 mV at 100 pA current, we observe a jump frequency 
of a few Hz, which is largely independent of the tip-position 
as can be seen from fig. 4a). The region where the rota-
tion is detected has the same shape as the residence map 

at 77 K (see fig. 4b)), confirming its origin to be 
the time-averaged image of a fast rotating acet-
ylene. The map of the jump sequence, displayed 
in fig. 4c), shows a directionality (absolute value 
of the jump sequence) close to 1 - independent 
of the tip-position. The color of the map denotes 
whether the jump sequence is ascending (red) or 
descending (blue). The agreement of the experi-
mental map with the simulated pattern in fig. 4d) 
(which assumes exclusively CCW rotation) proves 
that the direction of the rotation is independent on Figure 2: STM images of acetylene molecules adsorbed on the Pd3:A surface 

recorded at a) 77 K and b) – c) 5 K. Scale bars correspond to 1 nm.
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the STM-tip and confirms that the handedness of the stator 
dictates the direction of the motor rotation.

Powering the molecular motor
Up to this point, we have only mentioned the temperature 
dependence of the rotation. Figure 5a) shows the quantita-
tive dependence of frequency and directionality on temper-
ature. Below 15 K, the rotation frequency of about 5 Hz is 
temperature-independent and exhibits a directionality close 
to 1. Above 15 K, the frequency increases with an Arrhe-
nius-like characteristics from which we deduce an activa-
tion energy around 25 meV. Concomitantly with the onset 
of the thermally activated rotations, the directionality dras-
tically deteriorates. The decrease is well described by the 
assumption that the directionality of the constant 5 Hz com-
ponent remains close to 1 for all temperatures, whereas the 
additional temperature-induced rotations are random. The 
latter observation is not surprising as substrate, molecule 
and STM-tip are in thermal equilibrium during the measure-
ment and a consistently directional thermal motion would 
violate the 2nd law of thermodynamics as it represents a neg-
ative change of entropy (DS).
The voltage dependence of frequency and directionality, 
presented in fig. 5b), shares some similarities with the tem-
perature dependence. Above some critical voltage of about 
35 mV, we observe an exponential increase of the rotation 
frequency for both polarities from a voltage-independent 
base frequency. Contrary to the temperature dependence, 
this voltage-driven frequency increase is not accompanied 
by an immediate decrease in the directionality. Especially 
at voltages close to 35 mV the majority of voltage-induced 
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Figure 3: a) STM images and b) the corresponding atomistic mod-
els of one acetylene molecule on the Pd3:A surface in its three 
equivalent, 120° rotated states. c) Schematic illustration of the ex-
perimental setup to probe and drive the acetylene on Pd3:A molec-

ular motor with an exemplary experimental current-time sequence 
in d). A time-lapse movie of the rotation can be found here
https://www.youtube.com/watch?v=j3mNH2vXTqA&t=5s

Figure 4: Influence of the STM-tip-position relative to the acety-
lene molecular motor on a) the rotation frequency and c) the jump 
sequence at 5 K. b) The STM signature of a fast rotating acety-
lene molecule on the Pd3:A surface at 77 K. The simulated jump 
sequence map in d), assuming only counter-clockwise rotation 
events. Scale bars correspond to 2 Å.

STM @ T=77 K

b)

Jump sequence
0-1 +1

Time

- +

T=5 K

c)
CCW Jump sequence
Simulation

d)

Frequency [Hz]
0 10

T=5 K

a)



SPG Mitteilungen Nr. 63 Communications de la SSP No. 6316

rotations remain unidirectional. With increasing voltage the 
direction of the rotations, however, becomes more and more 
random.

Friction and directionality of the motor
In order to interpret these findings, let us examine the role of 
dissipation in this system. If we think of an ideal heat engine 
operating between two finite, non-zero temperatures, Sadi 
Carnot showed that we could not expect 100% efficiency. 
However, provided we have energy sources of higher qual-
ity, e.g., electricity, the Carnot efficiency is not the limiting 
factor anymore and electric motors with efficiencies of up to 
99.05% have been realized [12].
Although we would ideally like to completely eliminate dis-
sipation losses, they are indispensable to achieve unidirec-
tional motion. This fact is illustrated in fig. 5c) by display-
ing the sequence of dissipative trajectories (according to 
Langevin dynamics [13,14]) of the acetylene molecule in its 
asymmetric rotation potential. From the linear dependence 
of the voltage-activated rotations with the STM tunneling 
current, we conclude that a rotation step is a single electron 
event. That means, a single electron excites the molecule 
by transferring part of its energy through inelastic tunneling 
to its rotational degree of freedom. Because of friction, the 
initial rotational energy needs to exceed the potential barrier 
by some margin to overcome it. The bottom panel of fig. 5c) 
illustrates the situation when the initial energy is below the 
critical value of E1 and no rotation step is possible. Above 
E1 (middle panel of fig. 5c)) it is possible for the molecule to 
overcome the barrier on the steeper side and to perform a 
rotation step in the CCW direction (blue). CW rotation steps 
(red) are not occurring because the molecules loses too 
much kinetic energy on the longer trajectory to the potential 
maximum. If, however, the initial energy exceeds a second 
threshold E2 these latter jumps in the 'wrong' direction be-
come possible, too (see top panel of fig. 5c)). Consequently, 
highly directional motion of the rotor only occurs if the ex-

citation energy of the system is between E1 and E2. The val-
ues of the threshold energies E1 and E2 combine information 
of the potential height, its asymmetry R (defined as the ratio 
of the rotation path length from the minimum of the potential 
to its left (CCW) and right (CW) maximum) and the viscous 
dissipation coefficient m.
By matching the experimental voltage dependence to a 
classical Langevin model, we obtain threshold energies of 
E1 = 39 meV and E2 = 44 meV, which is significantly higher 
than the potential barrier height of 25 meV. Accordingly, the 
energy dissipation at 5 K amounts to m = 1.6 · 10-33 kgm2/s. 
At higher temperatures, energy dissipation becomes less 
efficient, such that at 20 K we find the energy thresholds 
reduced to E1 = 34 meV and E2 = 38 meV, which translates 
to a dissipation coefficient of about m =1.0 · 10-33 kgm2/s. The 
asymmetry ratio R is temperature-independent and, with a 
value between 1.25 and 1.5, surprisingly small. For compar-
ison, in fig. 5c) the potential has an R = 2.

The quantum nature of the motor
So far, we treated the rotation of the acetylene molecule 
classically, without much justification. As shown in fig. 6a) 
solving the Schrödinger equation of the system reveals a 
strong quantization of the rotation modes to 4 energy lev-
els. Accordingly, the classical approximation is only a very 
coarse approximation to describe the system. The signifi-
cant quantum character of the rotation, however, also holds 
the key to understand the constant, sub-threshold rotation 
frequency shown in fig. 5a) and 5b). Such constant rates 
have been frequently observed in surface diffusion and re-
action processes [15–19] and are generally attributed to 
quantum tunneling. A feature of this effect is the exponential 
dependence of the reaction rate with the mass or, in this 
case, the moment of inertia of the tunneling system. Figure 
6b) shows current-time series when the hydrogen atoms 
of the acetylene are replaced with deuterium (singly deu-
terated C2HD and doubly deuterated C2D2). Although the 

Figure 5: The dependence of our molecular motor's rotation fre-
quency and directionality on a) temperature and b) applied bias 
voltage. In c) the three cases for energy transferred to the acety-

lene molecule via inelastic electron tunneling are sketched. For a 
detailed description of the three cases, we refer to the text.

0

0.5

1.0

0 20 40-20-40
Voltage [mV]

D
ire

ct
io

na
lit

y

I=100 pA
T=5 K

1

100

10

0 20 40-20-40
Voltage [mV]

Fr
eq

ue
nc

y
[H

z]

I=100 pA
T=5 K

0

0.5

1.0

5 10 15 20
Temperature [K]

D
ire

ct
io

na
lit

y

I=100 pA
V=10 mV

100

10

5 10 15 20
Temperature [K]

Fr
eq

ue
nc

y
[H

z]
I=100 pA
V=10 mV

En
er

gy
En

er
gy

Rotation angle φ

En
er

gy

Case 1: E<E1

Case 2: E1<E<E2

Case 3: E2<E

a) b) c)



Communications de la SSP No. 63 17

moment of inertia increases just by 10% for each deuteri-
um replacing a hydrogen, the rotation frequency is reduced 
by a factor of 2. This exponential behavior of the tunneling 
rate is consistent with tunneling through a 25 meV barrier in 
the WKB (Wenzel-Kramers-Brillouin) approximation [20] as 
shown in fig. 6c).

Outlook
The feature rendering this particular rotor unique is that 
also in the tunneling regime the rotation is highly directional 
(d > 97%). Therefore, also in the tunneling case energy dis-
sipation needs to be an essential ingredient to understand 
the system. The atomistic details how the system is pushed 
out of the equilibrium and how friction enters into the tunne-
ling motion are not understood at this point. Yet, the well-de-
fined structure of the system with only 16 atoms (12 of the 
PdGa stator and 4 of the acetylene rotor, see. fig. 3b)) and 
its accessibility to detailed experimental characterization 
render it ideal to understand the role of:

i)	 Electron-phonon coupling in inelastic electron-tun
neling induced motion

ii)	 Energy dissipation and friction on the molecular level
iii)	 Non-equilibrium, dissipative quantum tunneling

We hope that in the future a concerted effort of theoreti-
cal and experimental investigations will shed more light into 
these important research questions, such that this 'world 
smallest motor' will be more than the realization of a nano-
technological 'curiosity'.
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Figure 6: a) Illustration of the four rotation modes and their respective probability 
density (red) of the acetylene molecule within a potential with 25 meV energy 
barriers (blue). b) Experimental current-time series of acetylene molecules con-
taining different amounts of deuterium. c) Comparison of the relative, experimen-
tal tunneling frequencies of C2H2, C2HD and C2D2 (black markers, shown as ratio 
to the C2H2 frequency oT(C2H2)) and the simulated ones in the WKB approxima-
tion for different potential barrier heights.

Tu
nn

el
in

g
cu

rre
nt

[a
.u

.]

0 50 100 150 200

C2H2 C2HD C2D2

Time [s]

b)

0

5

10

15

20

25

30

2 2.5 3 3.51 1.5 4

0

10

5

15

20 Probability
density

[1/rad]

Po
te

nt
ia

l[
m

eV
]

Rotation angle [1/rad]

a)

c)

Moment of inertia [kgm2]
6.0 7.0x10-465.0

1.0

1.5

0.5

0.0Fr
eq

ue
nc

y
ra

tio
ν T

/ν
T(

C
2H

2)


