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            Abstract
Scanning probe techniques can leverage atomically precise forces to sculpt matter at surfaces, atom by atom. These forces have been applied quasi-statically to create surface structures1,2,3,4,5,6,7 and influence chemical processes8,9, but exploiting local dynamics10,11,12,13,14 to realize coherent control on the atomic scale remains an intriguing prospect. Chemical reactions15,16,17, conformational changes18,19 and desorption20 have been followed on ultrafast timescales, but directly exerting femtosecond forces on individual atoms to selectively induce molecular motion has yet to be realized. Here we show that the near field of a terahertz wave confined to an atomically sharp tip provides femtosecond atomic-scale forces that selectively induce coherent hindered rotation in the molecular frame of a bistable magnesium phthalocyanine molecule. Combining lightwave-driven scanning tunnelling microscopy21,22,23,24 with ultrafast action spectroscopy10,13, we find that the induced rotation modulates the probability of the molecule switching between its two stable adsorption geometries by up to 39 per cent. Mapping the response of the molecule in space and time confirms that the force acts on the atomic scale and within less than an optical cycle (that is, faster than an oscillation period of the carrier wave of light). We anticipate that our strategy might ultimately enable the coherent manipulation of individual atoms within single molecules or solids so that chemical reactions and ultrafast phase transitions can be manipulated on their intrinsic spatio-temporal scales.
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                    Fig. 1: Coherent control of structural dynamics of a single-molecule switch by a local ultrafast force stimulus.[image: ]


Fig. 2: Path-selective map of the single-pulse switching probability.[image: ]


Fig. 3: Ultrafast force stimuli coherently control the single-molecule switching probability.[image: ]


Fig. 4: Atomic spatial selectivity of the femtosecond force stimulus.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Time-integrated STM image of recurringly switching MgPc molecule.
Constant-current topographic map of the LUMO resonance of a MgPc molecule adsorbed on NaCl (1.1Â V bias voltage, 2Â pA current setpoint). The NaCl symmetry directions are indicated by dashed lines. A prominent ring of 4Â Ã… apparent height around the centre of the molecule is visible, featuring four pairs of local minima along the azimuthal direction (one pair indicated by arrows). To record each single pixel, millions of electrons are successively tunnelled from the tip into a molecular orbital and subsequently into the substrate, triggering the molecule to switch between both adsorption ground states \(|l\rangle \) and \(|r\rangle \) many times. As a result, the time-integrated LUMO density map features pairs of local minima deduced from the individual electronic nodal planes in states \(|l\rangle \) and \(|r\rangle \), representing a superposition of the electron density in both geometries.


Extended Data Fig. 2 Path-selective map of the switching probability.
The panels show data for the same experiment and simulation as presented in Fig. 2d, e, but here for the opposite switching direction from \(|r\rangle \) to \(|l\rangle \).


Extended Data Fig. 3 Terahertz field calibration.
The probability of switching triggered by individual terahertz pulses is measured as a function of terahertz field strengths (blue data points). The field strength is controlled by transmitting the pulses through a pair of crossed polarizers and plotted on a linear scale with initially undetermined scaling factor. As the field increases, the peak field of the pulses reaches the LUMO resonance. Assuming a linear relationship between the current resulting from tunnelling through the LUMO and the switching probability, the observed onset in switching probability with increasing field should roughly resemble the onset of the tunnelling current with increasing bias voltage in time-integrated scanning tunnelling spectroscopy. The Gaussian-shaped LUMO-related peak in time-integrated differential conductance (dI/dV) spectra translates into an error-function-shaped onset of current with increasing voltage. Indeed, an error function (erf) fits the experimental data very well (blue fit curve), the derivative of which (red curve, normalized to the peak) reproduces the equivalent of a LUMO-related peak in dI/dV spectra. Time-integrated scanning tunnelling spectroscopy shows that the LUMO resonance is centred at a voltage of 1.2Â V, allowing for a calibration of the applied terahertz peak fields in terms of the transientâ€™s peak voltage.


Extended Data Fig. 4 Extraction of mean \(\bar{{\bf{p}}}\) and amplitude ppp from coherently modulated switching probability traces.
In a pumpâ€“probe scheme as depicted in Fig. 3a, pairs of terahertz pulses with an adjustable delay time Ï„ induced switching events. Although the field strength of the probe pulses was chosen to facilitate electron tunnelling into the LUMO and thereby trigger switching events, the field strength of the pump pulses was systematically varied. For non-zero pump electric fields the time-resolved switching probability traces p(Ï„) show oscillations at a frequency of 0.3Â THz, one period of which is resolved for different field strengths of the pump pulse. The latter is indicated in the top right corner of each panel, expressed as the peak voltage of the corresponding transient (calibrated via Extended Data Fig. 3). For each curve, the time-averaged mean \(\bar{{p}}\) and amplitude ppp are extracted by fitting a sine (solid lines) to the data.


Extended Data Fig. 5 Field-induced coherence modulates switching probability by 39%.
Time-resolved switching probability versus delay time, obtained in the same way as the data shown in Fig. 3b. Here, the field strength of pump and probe pulses were equal and individually large enough to facilitate tunnelling into the LUMO, which corresponds to a peak value of the corresponding voltage transient of about 1.2Â V; see Extended Data Fig. 3. This data exhibits a field-induced modulation of 39%, representing the largest variation that we detected (peak-to-peak modulation of 0.0076 to an average of 0.0195).


Extended Data Fig. 6 Analysis of the role of specific atoms of MgPc and the NaCl substrate in determining the adsorption energetics with respect to the azimuthal orientation.
In DFT calculations we enforce different in-plane rotation angles by fixing one of the in-plane coordinates of two nitrogen atoms of the molecule and the orientation of the substrate while relaxing the remaining geometry. Performing this calculation for several angles allows us to track the response of select atoms to an in-plane rotation of MgPc. a, Pink data points indicate the z coordinate (perpendicular to the surface) of four equivalent hydrogen atoms of the molecule (highlighted in pink in b, top view of molecule and NaCl layers) as a function of adsorption angle and show a clear excursion of the atoms towards the substrate for rotation angles around Ï•Â =Â 10Â° (z coordinates relative to the topmost NaCl layer). Similarly, the z coordinate of the closest Clâ€“ ion (green data points in a and green atoms in b) shows a clear upward deflection at similar angles, suggesting a local interaction between these two atoms. c, d, For comparison, we show the z coordinates of other pairs of HÂ atoms and Clâ€“ ions, which do not exhibit such behaviour. e, f, Further, the z coordinate of four equivalent sodium atoms (intense blue) located below one of the Câ€“C bonds of the moleculeâ€™s peripheral benzene rings indicates an excursion towards the molecule of up to almost 0.2Â Ã… for increasing adsorption angles. For comparison, we plot the z coordinates of another sodium atom (light blue), which has an analogous role in the opposing switch position. This atom exhibits an excursion away from the molecule. Notably, all three atoms that feature a strong coupling between their z coordinate and the in-plane rotation of the molecule (pink, intense green, intense blue) are located in the region where local fields induce the strongest coherent excitation (Fig. 4).





Supplementary information
Video 1
Femtosecond video of time-dependent single-molecule reaction statistics. An ultra-slow-motion video visualizes the spatio-temporal evolution of the reaction probability after field driven local excitation of coherent structural dynamics \(({V}_{{\rm{T}}{\rm{H}}{\rm{z}}}^{{\rm{p}}{\rm{u}}{\rm{m}}{\rm{p}}}=0.7\,{\rm{V}})\). Every frame shows a colour-coded snapshot image where the transient-state switching probability plâ€“r(x,Â y,Â Ï„) is spatially resolved for one specific delay time Ï„. One period of the oscillatory dynamics (Ï„ = 15.0â€“18.0 ps) is resolved in time steps of 500 fs and looped. The image size is 24.5 Ã… Ã— 24.5 Ã… and a playback time of 1 s corresponds to an experimental delay time of 2.5 ps.
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