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A range of artificial molecular systems have been created that can exhibit controlled linear and 

rotational motion. In the development of such systems, a key step is the addition of communication 

between molecules in a network. Here, we show that a two-dimensional array of dipolar molecular 

rotors can undergo simultaneous rotational switching by applying an electric field from the tip of a 

scanning tunnelling microscope. Several hundred rotors made from porphyrin-based double-decker 

complexes can be simultaneously rotated when in a hexagonal rotor network on a Cu(111) surface by 

applying biases above ±1 V at 80 K. The phenomenon is observed only in a hexagonal rotor network 

due to the degeneracy of the ground state dipole rotational energy barrier of the system. Defects are 

essential to increase electric torque on the rotor network and to stabilize the switched rotor domains. 

At low biases and low initial rotator angles, slight reorientations of individual rotors can 

occur resulting in the rotator arms pointing in different directions. Analysis reveals that the rotator 

arm directions here are not random, but are coordinated to minimize energy via cross talk among the 

rotors through dipolar interactions. 
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a paid-up nonexclusive, irrevocable worldwide license in said article to reproduce, prepare derivative works, distribute copies to the public, and perform publicly 
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Molecular machines are ubiquitous in nature and are the backbone of many vital biological processes
1-5

. 

Most natural molecular machines are sensitive to their environment, but lack adaptability to new media 

and functions. In contrast, artificial molecules that mimic some machine functions
6-9

 can be engineered 

to suit more specific environments than natural molecular machines, and are thus advantageous in the 

development of solid-state devices. In recent years, complex molecular systems have been created on 

solid surfaces that can undergo directed linear motion
8
 or controlled rotation motion

7,9
. In particular, 

double- and multi-decker complexes have been fabricated that can be considered analogues of 

rotational devices
10-19

. These species can be vacuum deposited intact on metal surfaces
12,16-19

 using 

source temperatures as high as 800 K
16

, and are therefore well-suited for study in atomically clean 

environments. 

 

The molecular rotors used here are donor-acceptor-porphyrinate naphthalocyaninate europium double-

decker complexes
20

 (Fig. 1a). The upper deck is a functionalized 5,15-diarylporphyrin, which is designed 

to act as a rotator. It has a permanent electric dipole moment of 8 Debye due to the presence of an 

electron donating and an electron accepting group (butoxy and cyano groups, respectively) located at 

the opposite positions on the porphyrin macrocycle (Fig. 1a). The lower deck, stator, is a 

naphthalocyanine designed to anchor on metallic surfaces via 8 sulfur atoms at the end of the 

macrocycle (Fig. 1a). The upper and lower decks are linked via a europium(III) ion, which acts as an 

atomic ball bearing. Although self-assembled networks of double-decker molecular rotors have been 

already demonstrated on surfaces
10-15,18

, their synchronized rotations have yet to be realized. Scanning 

tunneling microscope (STM) is a unique instrument to demonstrate operation of molecular machines on 

surfaces using a variety of manipulation schemes
 8,9,15,17,21-24

.  
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We explore the structure of molecular rotors on single crystal surfaces of Au(111) and Cu(111). For a 

similar deposition time on substrates held at room substrate temperature, individual rotors are 

observed on Au(111) while ordered self-assembled structures with a hexagonal symmetry of rotors are 

formed on Cu(111) (Fig. 1c, and supplementary information S1). Interestingly, the individual rotors on 

Au(111) are rotating even at 5 K and thus they appear circular (Fig. 1b) in STM images
9,21,24

 confirming 

that the rotator arm with added donor and acceptor units rotates as designed. The rotation here is 

driven by thermal energy and it should be a random back-and-forth motion. Unlike our previous study of 

a standalone molecular motor on Au(111)
9
, where the rotation can be terminated at reduced surface 

temperature of 5 K, the observed rotation at this temperature indicates a low rotational barrier. In 

agreement with this, the calculated rotational barrier for the individual rotor on the surface is found to 

be ~ 5meV. On Cu(111), however, the rotors in networks appear stationary up to 80 K. Since the 

molecule-surface interaction is rather weak (supplementary information S2), such static position should 

be due to interactions with neighbouring molecules including non-polar interactions in the network. In 

STM images, the rotator arm of each stationary rotor in the network appears as two protruding lobes. 

The calculated STM image of a rotor on the surface also shows the exact same appearance with two 

pronounced protrusions originated from the upward tilted π-rings caused by internal steric effects (Fig. 

1d and 1e). Here, the protrusion of the acceptor is more pronounced than the donor in the rotator arm. 

The STM image calculations are performed by using the Elastic Scatterring Quantum Chemistry 

approach, which is the most direct way to compare with the experimental STM image because it 

calculates a complete scattering process occurring at the junction including not only the molecule and 

the surface, but also the tip apex, the tip body, the surface supporting sample and the bias as well. For 

the electronic structure of the molecule, however, the density functional theory calculations can give 

more precise results, which we have performed only for the isolated molecules due to the limitations in 

computation space (see method section and supplementary information).  
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Simultaneous rotation 

During STM imaging of the hexagonal network of rotors on Cu(111) the orientation of the rotator arms 

can be switched when biases higher than ±1 V are used (Fig. 2a). Amazingly, all the rotators within the 

scanning range can be simultaneously realigned to a new direction after switching, and the entire 

network within the tip scanning area is now pointing to a new direction (Fig. 2a). As a consequence, the 

domain boundaries between the regions having different rotator alignments are formed, which can be 

observed in large area STM images. Figures 2b and 2c present two subsequent STM images of the exact 

same surface area where the rotators from some regions in the first image have been switched to new 

orientations thereby creating local domains.  

  

Rotational switching in the hexagonal network here can be, indeed, purposely induced using the STM 

tip. A typical sequence is presented in figure 2d to 2f. For the tip-induced switching, the STM tip is 

positioned above the rotor network shown in Fig. 2d, and then the bias is ramped from 0 to 1.25 V. The 

recorded tunneling current during this process increases as the bias is raised until a sudden drop in the 

current occurs at ~0.93 V (Fig. 2e). The subsequent STM image (Fig. 2f) shows that the entire network 

within the image frame has been rotated clockwise by 70° from the original direction. This procedure 

can be repeatedly performed but rotational angle varies. From such measurements, we determine that 

the threshold energy of ~1.0±0.3 eV is required to induce the rotations in the network. Statistical 

analysis on the rotational switching of 5176 rotors reveals an equal probability of switching to the 

clockwise and anticlockwise directions within the measurement uncertainty of ±5%. Fig. 2g presents a 

pi-chart for the measured switching angles, which are binned for ±5°. In both directions, switching 

occurs to all the angles up to 70°. The higher the rotated angle the larger the energy at the domain 

boundary and this might be the limiting factor for the observed maximum angle. Such rotational 
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switching of rotators can be induced with both positive and negative bias polarities (Fig. 2h). In order to 

check the observed phenomenon further, a parallel network of rotors is formed (supplemental 

information). However, attempts to induce rotation in the parallel rotor network were not successful: 

The rotators remained stationary until they were destroyed at high biases above 2.3 V.    

 

Rotation mechanism 

To understand the observed synchronized rotation mechanism the total energy of the rotor network
25-27

 

is analyzed, which can be described as: 

� = ������ + 	
��
 + 	�
 + 	��� + 	��_________ (1) 

where, ‘KErot’ is the internal rotational kinetic energy, ‘Udipl’ is the dipolar energy, ‘Uel’ is the electric field 

energy
28

, ‘Ustr’ is the structural energy including the dispersion interactions in the network, and ‘UT’ is 

the thermal energy corresponding to 80 K substrate temperature, respectively. This can be expanded to 

� = 	 �ℏ��� �(� + 1)� + � �
�� !∑ #$%%&	.$(%%%%&�) −	+($%%&	.�&).($%%&,.�&)	�- ./ 0� + 1234


(�5��)6/��8
9:;	<�6/�5(�5�)6/�=> ?@AB. C. ?@ADE +Ustr + UT ____(2) 

Here, the first term belongs to the internal rotational kinetic energy of rotors; ‘I’ is the moment of 

inertia and ‘J’ is the rotational quantum number. The calculated moment of inertia is 5.52 x 10
-44

 kg m
2
, 

which gives a very small internal rotational kinetic energy in the order of tens of μeV. Thus, a significant 

contribution of KErot can be ignored. In equation (1), Uel and UT supply the energy for the rotations while 

Udipl and Ustr act as the energy barrier. Since the rotation of the network can be induced at 80 K by 

adding additional electric field from the STM tip, the components of UT and Uel provide a sufficient 

energy to overcome the rotational barrier. 

 

In STM images, the donor and acceptor of the rotator appear with a slight height difference (Fig. 3a, and 

supplementary information) as in the calculated image (Fig. 1d). From the image, we can assign the 
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dipole direction to be pointing towards the donor, i.e. to the less protruding part of the rotator arm. All 

the rotator arms in the network appear unidirectional (Fig. 3a) implying that all the dipoles are pointing 

to the same direction, and hence it is a ferroelectric system. Such 2-D ferroelectric system formed by 

molecular rotors may have potential applications 
30

.  

 

In the dipolar energy term, Udipl, described in the second term in the equation (2)
25,29

, ‘C&’ and ‘μG%%%&’ are the 

dipole vectors of the central and the neighbouring rotators, ‘HI’ is the distance vector, and ‘ε’ is the 

dielectric constant (Fig. 3a, and 3b). The dipolar energy of the network is calculated by considering up to 

8
th

 neighbor rotators (supplementary information). Let us first consider a scenario where a single rotor is 

rotating while all other rotors are at rest (Fig. 3b). As soon as the rotor starts to turn from its initial 

position, the symmetry of the dipole orientation in the hexagonal network will be broken. Conceivably, 

it will experience a varying force exerted by the neighbouring dipoles. The calculated dipolar energy 

barrier of the hexagonal network increases as the central rotator starts rotating and it maximizes at the 

180° turn (Fig. 3c). Thus, 360° rotation of a single rotator in the network is not favorable.  

 

Strikingly, when all the rotators are rotated simultaneously in a synchronized manner, an entirely 

different energetic landscape occurs (Fig. 3c). The dipolar energy barrier for rotation of the hexagonal 

network remains constant, i.e. ∆E = 0, and thus it appears as a straight line. Thus synchronized rotation 

is the most favorable condition. Further analyses on the synchronized rotation in a parallel network as 

well as random rotation sequences show that only the synchronized rotation in the hexagonal network 

produces such an effect (supplementary information). Using the Luttinger and Tisza scheme, Brankov 

and Denchev
31

 have proposed that the ground state of an infinite hexagonal dipole network is 

degenerate, and that such system should be ferroelectric. Although it is based on a simple dipole 

network model, their proposal is very well in agreement with our findings. To date, only light induced 
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collective switching via isomerization of molecules
32

 has been demonstrated. The collective switching 

here is induced by dipolar interactions in a ferroelectric network of molecular rotors.  

 

Next, the energy supplied by the STM tip, Uel, is estimated by using a spherical charge model
28

 described 

in the third term of equation (2) with the tip radius of ‘R = 3 nm’, as well as a point charge model. In the 

former case, ‘Vt’ is the tunneling bias, ‘d’ and ‘z’ are the tip-rotor, and tip-surface distances, ‘s = d/R’, 

and sz = z/R, while ‘δ’ and ‘γ’ are the angles between the electric field and the rotating plane, and the 

rotor directions, respectively (supplementary information). Both models give a similar maximum energy 

(Fig.3d) ranging from ~50 meV to over 300 meV for various biases from 0.4 V to 2.4 V at 0.5 nm tip 

height.  

 

Roles of defects 

To induce rotation, there must be an external net torque exerted on the rotators. The electric field 

emanating from the STM tip simultaneously acts on many rotators in the network (Fig. 4a), and for a 

perfect hexagonal network of rotors, a clockwise electric torque ‘τ’ experienced by any rotator has its 

anticlockwise counterpart ‘-τ’ at the opposite symmetric site. Thus, the torques are cancelled out and, 

there is no net electric torque on the system; τnet = 0. Interestingly, when a defect is formed by a missing 

rotor or a miss-aligned rotator arm, then a net electric torque having the exact magnitude of the missing 

one appears at the opposite symmetric location since it is no longer cancelled. This results in a large net 

torque gain in the network. On the other hand, formation of the defect breaks the network symmetry, 

and consequently the dipolar energy increases at the defect site, which then acts as a barrier to 

maintain rotor domains. Thus, the defects act dual roles; to increase the net torque for switching while 

at the same time, to pin the switched domains. This invokes further questions on how these two factors 
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balance. The torques exerted on the rotators can be estimated by using the relationship, J =
	CK	?@AB	ALMD, where ‘K ‘ is determined by using the spherical charge model described above (Fig. 4b). 

Figure 4c presents a calculated net torque for a tip radius of 3 nm and the dipolar energy generated by a 

single defect. Because of the 1/r
3
 dependence, the dipole barrier rapidly decays with the distance while 

the net torque attenuates at a much slower pace with less than 1/r dependence of the electric field to 

the distance. As a result the third or higher order neighbouring rotators from the defect site experience 

only a negligible amount increase or no change in dipolar energy barrier while they gain a net electric 

torque thereby enabling rotation. Thus, the defects are essential for the observed rotational switching 

mechanism. This is exactly reflected in the experiments where rotational switching domains are 

observed only at the vicinity of the defects as evident in Fig. 2. Note that the sizes of the tip-apex in our 

experiments are much smaller than most conventional STM tips because we use a local tip-preparation 

procedure and calculations show that increasing the tip radius to 50 nm still maintain similar trend 

(supplementary information). For the defective areas, switching probability exceeds to 67.2% and the 

switched domain sizes vary from a single rotor chains to over 500-rotor-wide regions depending on the 

locations and the number of defects (supplementary information). The domains are mostly observed 

away from the step-edges. This is because the rotors at the step-edges are not surrounded by a 

complete hexagonal network, and consequently, the rotation is not favorable at step-edges. 

 

Since a large number of rotors in the network simultaneously experience the electric field of the tip, we 

have not achieved directed rotation selectively controlled by the STM tip. Because of the ‘sin γ’ 

dependence of the electric torque, where the ‘γ’ is the angle between the electric field direction and the 

dipole orientation (Fig. 4b), the net electric torque increases with increasing initial rotator angle to the 

electric field direction and it maximizes at 90° (Fig. 4d). Accordingly, the maximum switching angle also 

increases with the increasing initial rotator angle to the tip position.  
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Coordinated rotation 

Below the threshold bias, the electric field strength may not be sufficient to drive a synchronized 

rotation. However, slight reorientations of the rotator arms can still occur. Here, the rotator arms are 

oriented to different directions within 4 to 15 degrees from their initial unidirectional alignment (Fig. 

4e). This effect is also induced by electric field of the STM tip, and defects are necessary to generate and 

maintain such rotator orientations. By increasing the bias the number of reoriented rotator arms 

increases (Fig. 4f). Amazingly, although their orientations appear random at a first glance in Fig. 4e, a 

careful analysis reveals that the directions of the rotator arms here are well coordinated to minimize the 

energy. To demonstrate this, the dipolar energy of six rotator arms labeled as 1 to 6 in Fig. 4e are 

calculated by reorienting the neighboring rotator arms from their initial position, i.e. 90 degree to a 

hexagonal axis, to the current directions (Fig. 4g). Because of 1/r
3
 dependence of the dipolar energy, six 

consecutive hexagons representing the first near neighbor dipoles, which are the most influential, are 

sufficient to find their energetic landscapes. When one or more rotators are rotated from the initial 

angle to their measured angle, the net dipolar energy of the hexagon fluctuates above or below an 

equilibrium value (Fig. 4g). Only when all the rotators are rotated at their measured angles within each 

hexagon, the net dipolar energy becomes closer to the equilibrium within ± 0.4 meV. Thus the rotators 

within each hexagon reorient either clockwise or anticlockwise directions to achieve a minimum energy 

configuration as if they are connected by a string. This clearly indicates a cross talk among the rotors and 

the rotator reorientations here are not random but are well coordinated
27

.  

 

Conclusions 

In summary, we have demonstrated simultaneous and coordinated rotation of molecular rotors by 

introducing dipoles into a hexagonal rotor network. Theoretical analyses reveal that synchronized 
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rotation is the most favorable condition for simultaneous rotations due to degeneracy of the ground 

state dipole rotational potential barrier. Moreover, defects are the key for the observed rotations and 

domain formations. These findings represent the first direct visualization of dipole interactions in a 

hexagonal network manifesting mesoscale behaviours collectively achieved by individual rotors. With 

this achievement, the possibility to operate billions of molecular machines packed in a tiny surface area 

for potential applications in solid state devices, quantum computation, energy transfer, and information 

transport at the nanoscale is a step closer. 

 

Methods: The STM experiments were performed by using a custom-built ultra-high-vacuum low-

temperature STM system
33

 operated at a base pressure below 4 x 10
-11

 Torr. An electrochemically 

etched polycrystalline tungsten wire was used as the STM tip. Single crystal Au(111), and Cu(111) 

samples were cleaned by repeated cycles of neon ion sputtering and annealing. The molecules were 

deposited on atomically cleaned samples held at room temperatures by thermal evaporation using a 

custom-built Knudsen cell in an ultrahigh vacuum environment. The molecular source temperature for 

the deposition was 60°C (333 K). The samples were then transferred to the STM chamber in-situ. 

Subsequently the sample temperature was lowered to 80 K or 5 K for separate experiments. The density 

functional theory (DFT) calculations of the molecular structure without including the surface were 

performed by using CRENBL ECP basis
34

 for the Europium atom and a 6-31G Basis for the rest of the 

molecular components, respectively. The dipole moment and the moment of inertia for the rotor were 

calculated on converged rotor structure from DFT calculations. The constant current STM images were 

calculated using the Elastic Scatterring Quantum Chemistry (ESQC) theory
35

. In ESQC, starting from the 

complete mono-electronic Hamiltonian of the STM junction, an effective Hamiltonian technique was 

used to calculate the exact multichannel scattering matrix of the tip-molecule-sample junction. Then, 

the generalized Buttiker-Landaueur formula was used to calculate the tunnel current intensity through 
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the molecule for a given tip-surface distance. A constant current image was achieved after optimizing 

the tip distance at each calculated image point. This numerical feedback loop was integrated in the ESQC 

STM image calculations. In the junction, the rotor adsorbed on the Au(111) surface was described by 

using a complete s, p and d basis set for the Eu atoms, and the 4f  electrons were included in the 

electronic core. C, N, O and S atoms were described by a s,p basis set and H by its 1s orbital. Before each 

image calculation, the geometry of each molecule was optimized by using the ASED+ semi-empirical 

molecular mechanics routine
36

 with the same Slater atomic orbital basis set as the one used for ESQC.  
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Figure Legends 

Figure 1. Structure and self-assembly of molecular rotors. a, A model of the rotor (top) and dipoles of 

rotator arms in a rotor array. The green and red colors indicate the opposite dipoles. b, STM image of 

rotating rotors on Au(111) surface at 5 K together with a zoom in STM image of a rotor [Vt = -1.5 V, It = 

5.2 x10
-11

 A]. c, An STM image of self-assembled hexagonal rotor network on Cu(111) at 80 K [Vt = 1.1 V, 

It = 1.9x10
-10

 A]. A rotator arm is indicated with an oval. d, Calculated STM image of molecular rotor on 

surface revealing two asymmetric protrusions of the rotator arm. e, Rotor structure with vertically tilted 

π-rings indicated by two arrows. These π-rings produce the two-lobe contrast of rotors in STM images.  

 

Figure 2. Simultaneous rotations. a, An STM image shows a sudden switching of rotators from green to 

blue arrow direction (~10° rotation) below a line  indicated with an arrow [Vt = -2.3 V, It = 2 x 10
-10

 A]. b, 
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A large area STM image shows unidirectional alignment of rotator arms (labeled as A). c, The exact same 

area in a subsequent scan reveals the formation of different rotator domains (labeled as B and C) [Vt = 1 

V, It = 3.2 x 10
-10

 A]. d, The tip is positioned above the blue dot in this STM image and voltage is ramped. 

e, The current rapidly decreases at ~0.93 V (indicated with an arrow). f, The subsequent image shows 

reoriented rotators [Vt = 0.7 V, It = 1.9 x 10
-10

 A]. The yellow ovals in a, b, c, d and f indicate defect sites. 

g, A pi-chart presents switching angles. The white line at the centre separates anticlockwise and 

clockwise rotations. h, Domain areas formed by rotation as a function of bias. Larger switched regions 

are observed when biases higher than ~± 1V (indicated by dashed lines).  

 

Figure 3. Rotation mechanisms. a, STM image of a hexagonal rotor network (‘0’: a reference dipole and 

‘1 – 6’: nearest neighbours) showing color (height) contrast between the opposite rotator arms. b, A 

hexagonal dipole network model. c, Dipolar energy as a function of rotating angle for a single dipole 

rotation and synchronized rotation of all dipoles. d, The calculated electric field energies using a 

spherical tip (blue arrow) and a point charge model (red arrow).   

 

Figure 4. Electric torque and coordinated reorientations. a, Electric field (blue arrows) of the tip (red 

dot) simultaneously acts on the rotors. When a defect (black oval) is formed, a net torque, ‘-τ’, appears 

at the opposite site (red oval). b, The drawing illustrates the electric torque in ‘xy’ plane induced by the 

tip.  c, The net torque (olive) decays slower than the dipolar energy barrier (red) from the defect site. d, 

The switching angles as a function of initial rotator alignment to the tip. Positive and negative ‘y’ values 

are anticlockwise and clockwise rotation angles, respectively. The green curves are the torques.  e, An 

STM image shows the rotator arms pointing to different directions [0.5 V, 1.8 x 10
-10

 A]. The angles are 

measured from a hexagonal axis as shown in the top-left corner. f, The percentage of reorienting 
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rotators increases with the increasing bias. g The net dipolar energy (red dots) of hexagon 1 to 6 in ‘e’ 

changes after reorienting each rotator from 90°, and the green dots are the energies when all the 

rotators are reoriented to the measured angles. The dashed line marks the equilibrium energy of the 

hexagons and the gray box marks the region of ±0.4 meV from the equilibrium.  
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