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Abstract 

Optical atomic switches have attracted considerable interest due to its fast switching speed, low energy 

consumption, and compatibility with quantum information technologies. Although atomic modulation via 

optical excitation has been demonstrated using scanning probe techniques, controlling atomic motion in 

operational devices remains a significant challenge for practical applications. In this study, we operated an 

optical atomic switch and examined the impact of molecular effects on conductance modulation. Single-

molecule junctions incorporating C60, bipyridine, and butanediamine were fabricated using a mechanically 

controllable break junction technique. Photoirradiation induced conductance enhancement in all molecular 

junctions. Analysis of current–voltage characteristics in ON and OFF states revealed that atomic motion 

modulates the electronic coupling between the molecule and electrodes. A systematic comparison across 

different molecular junctions showed that molecular rigidity significantly influences optical conductance 

modulation, with flexible molecules like butanediamine exhibiting weaker dependence on initial conductance 

states.  



Optical atomic switches have attracted considerable interest due to their rapid switching speed, low energy 

consumption, and compatibility with quantum information technologies.1-4  Miniaturization of these devices 

is expected to further reduce energy demands.4, 5 Integration with quantum phenomena enables direct 

interfacing with quantum memory systems, enhancing their versatility in information processing.6, 7 

Furthermore, compatibility with recently proposed synaptic nanodevices positions the atomic optical switch as 

a promising candidate for in-sensor computing applications.8, 9 Advances in the optical manipulation of atoms 

and molecular species have been driven by the development of optical trapping techniques based on laser 

radiation pressure.¹⁰ Optical tweezers have been successfully used to trap viruses and bacteria.11, 12 

Additionally, near-field effects generated by localized surface plasmon resonance (LSPR) at metallic 

nanostructures have enabled the trapping of diverse targets, including nanoparticles, biomolecules, and DNA. 

13, 14 Zhang et al. demonstrated conductance switching in metallic point contacts under photoirradiation, where 

plasmonic local heating induces thermal expansion of Au electrodes, leading to the formation of quantum 

atomic contacts.3 Electron transport is thus controlled by atomic motion at the nanoscale, triggered by light 

exposure. These findings highlight the need for further development and multi functionalization of optical 

atomic switches. Integrating molecular functionalities is expected to enhance both the versatility and 

performance of these switches.15, 16 In single-molecule junction (SMJ), hybridization of the molecular and 

metallic electronic states exhibit unique quantum phenomena, including the Kondo effect,17 quantum 

interference,18 and Fano resonance. 19 However, despite growing interest in hybrids of molecular components 

and optical switches, the influence of molecular species on atomic motion within optical switches remains 



largely unexplored. 

Here, this study investigates the molecular influences on atomic motion in optical atomic switches. An SMJ 

incorporating C60—a promising candidate in molecular electronics20, 21—was fabricated using lithographically 

defined nanoelectrodes.15, 16, 22 The junction conductance was modulated by near-infrared laser irradiation. 

Current–voltage (I–V) analysis revealed that photoirradiation controls the coupling between molecular orbitals 

and metal electronic states by varying the metal–molecule separation. The observed conductance enhancement 

is attributed to atomic motion induced by local plasmonic heating. We systematically examined the optical 

response as a function of conductance, revealing its molecule-dependent behavior. Compared with SMJs 

based on bipyridine (BPY) and butanediamine (BDA), conductance enhancement under photoirradiation was 

suppressed in C60 and BPY junctions, while BDA showed negligible conductance dependence. Notably, the 

C60-based optical atomic switch demonstrated stable, repeatable operation at frequencies up to 20 Hz. 

 

 

Figure 1. Au optical atomic switch. (a) Schematic of the atomic switch fabrication using the MCBJ technique. 

(b) Optical response of the Au atomic switch. The orange curves represent logarithm of the conductance 

(log(G/G0)). The red curve represents trigger signal for laser operation. The laser power was 2.1 mW (67 



mW/cm2 ). Wavelength was 785 nm. (c) Variation of the conductance increment (Δlog(Gave/G0)) with laser 

intensity. The increment was calculated by subtracting the average conductance during the light ON and OFF 

states. 

 

Results and discussion 

Single-atom and single-molecule junctions were fabricated using the mechanically controllable break 

junction (MCBJ) technique  (Figure 1a).23-26 The electrode separation was precisely tuned by 

bending the substrate via elongation of a piezoelectric element, allowing sub-angstrom control. 

Conductance of the Au nanogap was modulated by adjusting the applied bias voltage. A focused 785-

nm laser was irradiated onto the nanogap, resulting in a conductance increase during illumination, 

which returned to its original state upon cessation of irradiation (Figure 1b). The conductance 

switched to the value when the irradiation was stopped. To examine the relationship between optical 

response and laser power, the conductance increment was quantified as Δlog(Gave/G0), where Gave is 

the average conductance and G0 is the quantum of conductance, represented by 2e2/h, e is the 

elementary charge, and h is Planck's constant. Δlog(Gave/G0) was calculated by subtracting 

log(Gave_ON/G0), the conductance with laser irradiation in log scale, from log(Gave_OFF/G0), the 

conductance without laser irradiation in logscale. The increment increased with laser power (Figure 

1 c), consistent with atomic motion induced by local plasmonic heating.3 At the Au nanogap, LSPR 

generates a strong electromagnetic field at the electrode surface, raising the local temperature. This 

thermal activation of atomic motion narrows the nanogap, thereby increasing conductance. 



Next, C60 molecules were introduced into the Au nanogap. Continuous optical switching was 

demonstrated using the C60 SMJ. The conductance as a function of electrode separation is shown in 

Figure 2(a). As the Au electrodes were gradually pulled apart, the narrowing of the contact region led 

to the formation of a single-atom contact. Further displacement caused the electrodes to separate, 

allowing a diffusing C60 molecule to bridge the gap. A conductance plateau at 1 G0 corresponds to the 

single-atom Au contact. In the 2D conductance–displacement histogram, significant counts at larger 

displacements beyond the atomic contact indicate the formation of metastable SMJs. Two distinct 

conductance features were observed: 10−2.7 G0 and 10−0.4 G0 (Figure 2b). The former is consistent 

with previously reported values for C₆₀ SMJs exhibiting strong Au–C₆₀ coupling.27, 28 The latter, 

higher conductance state is attributed to metal atomic contacts modulated by C₆₀ adsorption.29-32 

 

Figure 2. (a) 2D histogram of the conductance (log(G/G0)) as a function of electrode displacement during the 

formation of the Au–C60 junction. The origin of displacement is defined at the point where the conductance 

reaches 1 G0. The histogram uses 200 and 300 bins for displacement and conductance, respectively. (b) 

Conductance histogram of the C60 molecular junction plotted on the logarithmic scale. The bin size is 0.027, 

with a total of 1614 traces recorded under an applied bias voltage of 100 mV. 

 



 

Based on the conductance–displacement analysis, we demonstrated optical switching in the C60 SMJ while 

measuring the I–V response. The I–V response provide the electronic states of the SMJs (Figure 3a).25, 28, 33 The 

I–V curves exhibited nonlinear behavior, indicative of electron tunneling across the Au electrodes bridged by 

the C60 molecule (Figure 3a, 3b).25, 28, 33 This nonlinearity was analyzed using a single-level transport model, in 

which the lowest unoccupied molecular orbital (LUMO) of C60 plays the dominant role in electron 

transmission.25, 27, 28, 33  In the single-level model, electron transport is governed by the energy alignment of 

the molecular orbital (ε) relative to the Fermi level (EF) and the coupling energy (Γ) between the molecular 

orbital and the metal electronic states.25, 28, 33 The coupling energy Γ reflects the broadening of the molecular 

level due to hybridization (Figure 3a). Fitting the I–V curves yielded key parameters describing the electronic 

structure of the molecular junction (Figure 3b). The separation between the electrodes was adjusted using 

laser irradiation to achieve the conductance characteristic of the SMJ. The optical response was measured at 

incremental laser intensities to examine conductance modulation. At each intensity step, the I–V 

characteristics were recorded to evaluate changes in the electronic states. Analysis of the optical response 

revealed that conductance and Γ increased with laser intensity while ε remained constant (see Figures 3c–3f). 

The observed conductance values and parameters agreed with those of C60 molecular junctions.27  The 

modulation of Γ by photoirradiation remains within the range of the deviation of the high conductivity state of 

the C60 molecular junction.27 A 2D histogram of laser power versus conductance increment confirmed a 

monotonic increase in conductance with increasing laser power. The conductance enhancement induced by 

laser irradiation was comparable to that observed in bare Au nanogaps, suggesting that the atomic motion was 

also induced by local heating via LSPR, as well as the case without a C60 molecule. This is consistent with 

previous optical response molecules on metal surfaces, where photocurrent contributions were negligible due 

to rapid excited-state relaxation into the electrodes.34-36 The laser power dependence of Γ and ε further 

supports this mechanism: Γ increased with laser power, while ε remained unchanged, indicating that the 

modulation arises from changes in Au–C60 coupling rather than shifts in molecular orbital energy. According 

to the continuous I–V measurement in the breaking process of the molecular junction, the Γ tends to decay 

more immediately than ε.37  

 



 

 

Figure 3. (a) Schematic of the change in electronic states induced by optical switching. (b) Current–voltage 

(I–V) characteristic curve of the C60 junction with a conductance of 7.3 mG0. The red curve illustrates the 

fitting using the single-level model. The values of Γ and ε are 64 meV and 0.75 eV, respectively. (c–f) Optical 

response of the C60 molecular junction. (c) Laser power (P) vs. time. (d) Conductance in the logarithmic scale 

(log (G/G0)) vs. time. Wavelength was 785 nm. (e) Relative energy of ε vs. time. (f) Γ vs. times.  (The I–V 

curve was obtained every 1 s; the constant bias voltage was 100 mV).  (g) Increase in conductance (Δlog 

(Gave/G0)) vs. laser power intensity (the bin sizes used were 0.7 and 0.0067).  

 



 

Figure 4. Relationship between the increase in conductance (Δlog(Gave/G0)) caused by laser irradiation and 

the initial conductance (log(Gave/G0)) in the (a) C60, (b) BPY, and (c) BDA junctions. Laser power is 2.1 mW. 

 

Thus, photoinduced atomic motion reduces the Au–C60 separation, enhances orbital overlap, and increases 

the conductance of the C60 molecular junction. The I–V response represents that the C60 remains trapped in the 

Au nanogap during the laser irradiation, while the Au–C60 interaction was modulated by the laser irradiation. 

The aforementioned discussion indicates that optical irradiation induces a structural change in SMJs, thereby 

enabling control over their conductance. 

As shown in Figure 4, Δlog(Gave/G0) is suppressed within the conductance range characteristic of C60 and BPY 

junctions. In contrast, BDA exhibits minimal dependence of Δlog(Gave/G0) on initial conductance. This 

behavior can be attributed to differences in molecular backbone stiffness and binding interactions. Regarding 

the backbone, saturated molecules like BDA, which contain freely rotating single bonds, have lower 

conformational rigidity and smaller energy barriers  compared to the more rigid π-conjugated BPY and C60 

structures.38 Thus, Δlog(Gave/G0) did not depend on the initial conductance for BDA junction.  Regarding the 

interaction, electrode-C60, -BPY, -BDA interactions can be represented, π, π+σ, and σ interactions.27 Notably, 

Δlog(Gave/G0) was enhanced in the high-conductance region (10−2–10−1 G0) of C60 junction,  which may be 

attributed to the molecular bearing effect of π-conjugated systems. The delocalized π orbitals of C60 facilitate 

sliding or rotational motion on the electrode surface.39-41 These results further support the interpretation that 

conductance-dependent optical response is governed by molecular stiffness and the strength of molecule–



electrode interactions.  

The optical atomic switching behavior of the C60 molecular junction was subsequently demonstrated 

(Figure 5). The conductance of the SMJ responded in synchrony with the applied optical signal (Figure 5a), 

exhibiting stable and repeatable switching for at least 50 cycles (Figure 5b). The conductance of the ON and 

OFF state is 10-2.6±0.1 and 10-3.5±0.2 G0, respectively. The optical switch response with the other frequencies was 

also examined (Supporting Information Figure S2). The optical switch was demonstrated for another junction, 

and the switch was demonstrated with a frequency of 20 Hz (Figure 5c). The deformation from the ideal 

square derives from the limitation of the bandwidth of the noise filter of the current amplifier. It is noticeable 

that the conductance value responses in the scales of sub-milliseconds, which is faster than previous optical 

atomic switches3, where a 1-2 s delay was observed. Considering the thermal diffusivity of gold is estimated 

to be 1.27×10-4 m2/s42, the heat at the relevant area induced by the local heating effect immediately diffuses to 

the bulk electrode, indicating that the switching speed is governed by the response atomic motion of the 

junction. The optical switching of the molecular junction is regulated by the orbital coupling between the 

molecular orbital and the metal electronic state, as mentioned in the previous section. Because the electronic 

coupling is much sensitive to the junction structure, such as molecule orientation or adsorption site, the optical 

atomic switch of molecular junction is considered to respond more sensitively to the atomic motions. 

Regarding the stability of the switching, lithographically defined structure provided mechanical stability and 

effectively suppressed thermal drift.15, 23, 24 Additionally, the presence of C60 was found to reduce surface 

energy, enhancing the durability of the metal–molecule contact. The ON/OFF ratio was particularly improved 

in the high-conductance regime. 

 

Thus, photoinduced atomic motion reduces the Au–C60 separation, enhances orbital overlap, and increases 

the conductance of the C60 molecular junction. The I–V response represents that the C60 remains trapped in the 

Au nanogap during the laser irradiation, while the Au–C60 interaction was modulated by the laser irradiation. 

The aforementioned discussion indicates that optical irradiation induces a structural change in SMJs, thereby 

enabling control over their conductance. 

As shown in Figure 4, Δlog(Gave/G0) is suppressed within the conductance range characteristic of C60 and BPY 

junctions. In contrast, BDA exhibits minimal dependence of Δlog(Gave/G0) on initial conductance. This 



behavior can be attributed to differences in molecular backbone stiffness and binding interactions. Regarding 

the backbone, saturated molecules like BDA, which contain freely rotating single bonds, have lower 

conformational rigidity and smaller energy barriers  compared to the more rigid π-conjugated BPY and C60 

structures.38 Thus, Δlog(Gave/G0) did not depend on the initial conductance for BDA junction.  Regarding the 

interaction, electrode-C60, -BPY, -BDA interactions can be represented, π, π+σ, and σ interactions.27 Notably, 

Δlog(Gave/G0) was enhanced in the high-conductance region (10−2–10−1 G0) of C60 junction,  which may be 

attributed to the molecular bearing effect of π-conjugated systems. The delocalized π orbitals of C60 facilitate 

sliding or rotational motion on the electrode surface.39-41 These results further support the interpretation that 

conductance-dependent optical response is governed by molecular stiffness and the strength of molecule–

electrode interactions.  

The optical atomic switching behavior of the C60 molecular junction was subsequently demonstrated (Figure 

5). The conductance of the SMJ responded in synchrony with the applied optical signal (Figure 5a), exhibiting 

stable and repeatable switching for at least 50 cycles (Figure 5b). The conductance of the ON and OFF state is 

10-2.6±0.1 and 10-3.5±0.2 G0, respectively. The optical switch response with the other frequencies was also 

examined (Supporting Information Figure S2). The optical switch was demonstrated for another junction, and 

the switch was demonstrated with a frequency of 20 Hz (Figure 5c). The deformation from the ideal square 

derives from the limitation of the bandwidth of the noise filter of the current amplifier. It is noticeable that the 

conductance value responses in the scales of sub-milliseconds, which is faster than previous optical atomic 

switches3, where a 1-2 s delay was observed. Considering the thermal diffusivity of gold is estimated to be 

1.27×10-4 m2/s42, the heat at the relevant area induced by the local heating effect immediately diffuses to the 

bulk electrode, indicating that the switching speed is governed by the response atomic motion of the junction. 

The optical switching of the molecular junction is regulated by the orbital coupling between the molecular 

orbital and the metal electronic state, as mentioned in the previous section. Because the electronic coupling is 

much sensitive to the junction structure, such as molecule orientation or adsorption site, the optical atomic 

switch of molecular junction is considered to respond more sensitively to the atomic motions. Regarding the 

stability of the switching, lithographically defined structure provided mechanical stability and effectively 

suppressed thermal drift.15, 23, 24 Additionally, the presence of C60 was found to reduce surface energy, 

enhancing the durability of the metal–molecule contact. The ON/OFF ratio was particularly improved in the 



high-conductance regime. 

 

Figure 5. (a) Optical switch of the C60 molecular junction operating at a frequency of 1 Hz. (b) Continuous 

operation of the optical switch. The conductance of ON/OFF state was 10-2.6±0.1/10-3.5±0.2 G0. (c) Optical switch 

of the C60 molecular junction operating at a frequency of 20 Hz. The laser power was 2.1 mW. 

 

Conclusions 

In this study, we demonstrated optical atomic switching by precisely controlling the electrode separation in Au 

nanogap junctions and investigated the molecular influence on conductance modulation. Conductance–

displacement analysis confirmed the formation of C60-based SMJs. I–V characterization under photoirradiation 

revealed that atomic motion modulates the Au–C60 distance, enhancing conductance via increased metal–

molecule coupling. A systematic investigation of conductance enhancement as a function of initial 

conductance highlighted the roles of molecular stiffness and electrode–molecule interactions. Flexible 

molecules like BDA exhibited conductance responses independent of their initial state, whereas rigid, π-

conjugated molecules such as C60 facilitated more durable atomic contacts and greater conductance 

enhancement under irradiation. 

 

Methods  

  Au atomic contacts and molecular junctions were fabricated an MCBJ setup at 300K (Figure 1a). The 

MCBJ samples were prepared using standard nanofabrication techniques, as detailed in the Supporting 

Information. Briefly, a polyimide film was deposited onto a phosphor bronze substrate coated with a 1-μm 

insulating SiO2 layer. Au nanoelectrodes were patterned on the polyimide-coated surface via electron beam 



lithography. The underlying polyimide was then removed by isotropic reactive ion etching, resulting in a free-

standing Au nanobridge (ca. 1 μm in length) suspended over the substrate. To introduce C60 molecules, a 500-

μM toluene solution was drop-cast onto the unbroken Au nanobridge. For the introduction of BPY and BDA, 

we used ethanol solution. The concentration was 300 μM and 500 μM for BPY and BDA. Mechanical 

breaking of the bridge was achieved by bending the substrate using the MCBJ setup, thereby forming single-

atom or single-molecule junctions. 

 A 785-nm optical laser was focused onto the junction using a ×50 objective lens. Laser timing was controlled 

by a digital signal processing system. Detailed measurement protocols are provided in the Supplementary 

Information. 
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