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M Check for updates

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 structures'” and influence chemical processes®’, but exploiting local

dynamics'®™ to realize coherent control on the atomic scale remains an intriguing

prospect. Chemical reactions® ", conformational changes

1819 and desorption® have

beenfollowed 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 microscopy

224 with ultrafast action

spectroscopy'®?, 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
actsontheatomic scale and withinless than an optical cycle (that s, faster thanan
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.

A magnesium phthalocyanine (MgPc) molecule adsorbed on the
chlorine sites of a sodium chloride (NaCl) thin film constitutes a
single-molecule switch, with the axes of the neutral molecule
rotated by an azimuthal angle of either ¢, = +10° or ¢, = -10° with
respect to those of the underlying surface (Fig. 1a, b). This defines
two stable structural configurations, denoted [/) and |r), with the
adsorption energy U(¢) a double-well potential with degenerate
minima at ¢, and ¢, (Fig. 1b)>?. The most direct initiation of atomic
motionin this switch is to exert amechanical force on the molecular
frame, leaving the system in its electronic ground state. Although
static forces available with scanning probe microscopy'*’ could
induce a static excursion, a time-dependent ultrafast force pulse,
F(t), may prepare a coherent frustrated rotation of the molecule
(Fig.1c, d) about one of the potential minima. We will see below that
such an atomically sharp ultrafast force can indeed be provided by
the oscillating carrier wave of astrong terahertz pulse coupled to the
metallic tip of a scanning tunnelling microscope (STM). The
force-induced all-structural wavepacket dynamics can be strong
enough even to influence the probability of the molecule switching
between its stable states.

Ourideaistointerrogate this switching probability with an ultrafast
time-delayed electron injection event, available with a femtosecond
lightwave-driven STM?"*, Thereby, the carrier wave of a laser pulse
focused onto the STMjunction serves asatransient bias voltage, setting

afemtosecond time window (here around 100 fs) for the injection of
one single electron? into the lowest unoccupied molecular orbital
(LUMO) of anindividual MgPc molecule. Because the charged molecule
is subject to a modified potential U*(¢p) whose minimum lies around
¢=0° (Fig.1f), electroninjection prompts the molecule to rotate tran-
siently towards ¢ = 0° (refs. %), When the additional electron has
tunnelledinto the substrate after a short lifetime 7,4, the double-well
potential U(¢) is restored and the molecule relaxes towards either |[)
or|r)(Fig.1e). Only resonant tunnelling into or out of one of the molec-
ular orbitals results in temporary charging and associated actuation
of the molecular switch, whereas tunnelling at biases well below any
orbital resonance does not, as confirmed in steady-state STM experi-
ments (see Methods).

To assess the impact of an ultrafast atomic-scale force on the
single-molecule switch, itisimportant first to understand the switching
behaviour triggered by lightwave-induced resonantelectroninjection,
inthe absence of aforce pulse F(¢). In contrast to the recent demonstra-
tion of lightwave-driven STM*?, we track not the terahertz-induced
tunnelling current but the structural change of the single-molecule
switch. Since the system does not relax into the same initial state after
every laser shot, but rather toggles between the two stable states, the
outcome of every laser shot needs to be evaluated, one by one. We
extend such single-molecule action spectroscopy” from combined
sub-angstrom spatial and ultrafast temporal precision’®” to aregime
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Fig.1| Coherent control of structural dynamics of asingle-molecule switch
by alocal ultrafast force stimulus. a, In equilibrium, the neutral MgPc molecule
adsorbsineither of two degenerate, mirror-symmetric ground states|/)
(geometry shown) and|r), where the molecule’s axes are rotated by ¢, = +10°
and ¢, =-10° withrespect to those of the underlying NaCl lattice, respectively.
b, The associated potential energy landscape features two minima separated
byabarrier.c-e, Applying an atomically local force stimulus F(¢) might
efficiently and coherently drive anin-planerotational oscillation of the
molecule (¢, d), which could be exploited to coherently control transient

in which the oscillating carrier wave itself controls dynamics on
timescales shorter than a cycle of light.

Theterahertzlaser source inducing femtosecond electroninjection
is operated in single-shot mode to toggle the single molecule switch
with a certain probability. Steady-state imaging at low bias voltages
monitors the adsorption geometries |/) and |r) without switching
between them (Fig. 2a, b; see Methods for details). When the tip is

Adsorption angle, ¢ (°)

Adsorption angle, ¢ (°)

switching dynamicsintostate|r) (e). f, Because the charged molecule
energetically prefers aligning with the lattice directions, ultrafast single-
electroninjectioninalightwave STM (vertical transition) establishes anew
energy landscape (blue curve). This sudden change triggers anin-plane
rotation of the molecule towards ¢ = 0°, strongly influenced by previously
induced rotational dynamics. Tunnel neutralization can stochastically occur
atdifferentinstantsin time (decay lifetime 7.p,,,q.; multiple downward arrows),
such thatthe outcome of every individual switching process is governed by
quantum probability.

positioned above the moleculein suchaway that the tunnelling current
differs for |[) and |r) (crossed circles in Fig. 2a, b), we can use this
detection current, /4., to monitor the adsorption geometry continu-
ously even without taking images. Figure 2c displays a typical time
trace of /;.acquired over 0.23 swhile individual terahertz pulses repeat-
edly injected single electrons into the LUMO. Whenever an electron
injection triggers the molecule to switchits adsorption geometry, the
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Fig.2|Path-selective map of the single-pulse switching probability.

a, b, Low-voltage maps of the tunnelling current at constant height display the
in-planerotation of the neutral moleculeinboth adsorption geometries
separately (bias voltage, 6 mV;image size, 20 Ax20A;linear greyscale, 0-2pA).
c,Keepingthetip atafixed position above the molecule (for example, at the
crossed circlesinaandb), the orientation of the molecule canbe monitored by
anon-resonant detection current/, (black) whilelaser shots (blue vertical
lines) repeatedly inject single electronsinto the LUMO, statistically triggering
switching back and forth between the adsorption geometries (arrows). Every
switching event manifests as an abrupt change of the detection current, which
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isregistered for eachlaser shot, separately for both directions. Systematically
recording the switching statistics on different positions across the molecule,
we obtain spatial maps of the switching probabilities for both directions,
pi..fromlltolr) (d) and p,, from|r)to|/) (Extended DataFig. 2), which reveal rich
sub-molecular features and a marked direction dependence. Pixels where
switching cannotbedetected are depicted in white. Eight areas ofenhanced
switching probability stand out (dashed circles), four of which are more
prominent. The axes of the molecule in the initial state are indicated by dashed
lines. e, Simulated charging probability by tunnellingintoa LUMOin state|/)in
arbitrary units (a.u.).
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Fig. 3| Ultrafast force stimuli coherently control the single-molecule
switching probability. a, Ina pump-probe scheme, pairs of terahertz pulses
with anadjustable delay time rinduce switching events. The pump pulses are
tuned below the threshold of electron tunnelling, whereas the probe pulses
servetoinjectsingle electronsandinterrogate molecular dynamics via
time-delayed switching events. b, The switching probability as a function of
delay time exhibits amarked oscillation atafrequency of 0.3 THz (red data
points, Vi7P= 0.7 V). Areversal of the polarity of the pump pulse coherently
invertsthe phase of the oscillatory signal (violet data points). ¢, The mechanism
by which the pump pulse acts onthe moleculeis examined by recording one
oscillation period of the time-resolved switching probability traces, p(r), while
systematically varying the pump pulse’s field strength (additional traces
shownin Extended DataFig.4). Thelatterisindicatedinthetop right corner of
each panel, expressed as the peak voltage of the corresponding transient

currentchanges sharply from/,to/,,or vice versa, allowing us to detect
every switching event shot by shot, with excellent fidelity. All events
are registered for both directions separately (arrows in Fig. 2c), such
that the probability per light pulse p,, to switch from|/) to|r) and the
probability p,, for the reverse direction can be distinguished.
Bothp,.and p,,depend onthe precise lateral STM tip position (x,y)
when injecting an electron into the molecule. From thousands of
terahertz-induced switching time traces we obtain separate maps of
local probabilities p,.(x, y) (Fig.2d) and p,,(x, y) (Extended DataFig. 2),
whichreveal rich sub-molecular features and aclear direction depend-
ence. The p,..(x,y) map closely resembles the calculated efficiency of
local electroninjectioninto the LUMO density of the initial-state con-
figuration|/) (Fig. 2e; see Methods for details). Both maps feature eight
outerlobes and nodal planes along the isoindole units (dashed lines),
whichreflect thein-plane orientation of the molecule. Moreover, four
of the eight lobes are more prominent, which stems from an internal
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(calibrated via Extended DataFig. 3). For each curve, the time-averaged mean,
p,andthe modulationamplitude, p,,,, are extracted by fitting asine (solid lines
inc)tothedata.d, The meanasafunction of field strengthis constant up to
VP =0.7 V (vertical line) and thenrises steeply. For V7? < 0.7 V, the pump
pulseistooweaktoinjectelectrons and only the probe pulseinduces switching
events. Consequently, the meanis constantirrespective of the pump field
strength. Above this threshold, the pump pulse triggers additional electron
tunnelling and contributes to the overall switching probability. e, By contrast,
the modulationamplitude, p,,, scaleslinearly with the pump field strength
throughout the measured range, indicating thatitis theelectric field of the
pump pulse thatleads to the coherent excitation. This pictureis corroborated
by the observed polarity dependence (b). No changeinslopeis observed at the
critical value of VTP = 0.7 V (vertical line). Error barsind and e are the standard
deviations of pand p,,..

torsion of themolecule asrevealed by density functional theory (DFT)
calculations. The agreement between the calculated LUMO density
map and the measured switching probability map indicates that the
switching probability scales linearly with the electron injection effi-
ciency;inother words, the probability that aninjected electron triggers
a switching event is position-independent. By relating the
lightwave-induced current to the switching rate, this probability is
estimated tobe 21% +3%. If the amplitude of the terahertz pulse is low-
ered by, for example, 25%, such that the pulse cannotinduce tunnelling
into the LUMO, the switching probability drops to zero.

To demonstrate that the switching probability of the single MgPc
molecule can be influenced by an ultrafast force pulse thatinduces a
coherent, predominantly rotational motion of the molecular frame, we
next perform a pump-probe experiment. The pump acts as ultrafast
force pulse, and atime-delayed probe injects an electroninto the LUMO
to induce single-molecule switching (Fig. 3a), which is evaluated for
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Fig.4|Atomicspatial selectivity of the femtosecond force stimulus.
a, b, Six traces of the time-resolved switching probability at different tip
positions (indicated by crosses labelled A to F in ¢) reveal strong lateral
variationsin the amplitude of the force-induced modulation. ¢, The colour map
illustrates how alocal out-of-plane electric field centred at different positions
(pixel coordinates) acts asan atomic-scale force and induces anin-plane
rotation of the MgPc molecule of different amplitudes (colour bar), as
computed by DFT calculations (see Methods for details). Atop view of the
calculated geometry of the molecule without applied field is overlaid with
selected hydrogen atoms highlighted in pink. d, Top view of this molecular

every laser shot toretrieve the switching probability p(r) as afunction
of the pump-probe delay time 7. We implement the ultrafast force
by exploiting the oscillating near field of a terahertz pulse localized
at the metallic tunnelling tip, with the near-field amplitude fixed at a
value below that required toinject an electroninto the molecule. This
ensures that, in contrast to a recent measurement of single-molecule
vertical vibration?, structural dynamics cannot be a result of tem-
porary charging. As shown in Fig. 3b, the pump pulse nevertheless
imprints amarked oscillation with a 0.3-THz frequency on the switch-
ing probability p(7). The oscillation frequency matches the frustrated
in-plane rotation frequency calculated by DFT. Given that the switching
trajectory is predominantly such arotation of the molecule, this agree-
mentinfrequency suggests that the pump pulse triggers this motion.
As will be corroborated below, this interaction is purely mediated by
theelectric near field acting as an atomically localized force transient.

To confirmthisinterpretation, we vary the pump field strength and
hence the transient voltage applied across the tunnelling junction,
VP, from below to above the threshold for electron injection into
the LUMO (see Extended DataFig. 3 for the field-to-voltage calibration),
while keeping the amplitude of the probe pulse constant. Five typical
p(1) traces (see Extended Data Fig. 4 for more traces) are shown in
Fig. 3c, revealing that the pump pulse induces a marked modulation
of p(r) and adds a delay-independent positive offset. These two effects
scale markedly differently as a function of V§}}7” (Fig. 3d, e). The mean
of the switching probability, p, (Fig. 3d) remains flat for weak pump
fields but increases steeply once V7P exceeds the voltage required
to induce electron tunnelling into the LUMO. We can thus unequivo-
cally attribute the steep increase of p to switching events triggered by
electron tunnellinginduced by the pump pulse. Conversely, for weak
pump fields only the probe pulse triggers electron tunnelling, which
leads to the constant mean of p = 0.025. In sharp contrast, the ampli-
tude of the coherent modulation in the switching probability, p,,
(Fig.3e) increases linearly with the pump field, starting from zero, over
the entire field range. Even pump pulses that are too weak to induce

geometryincluding the underlying NaCl lattice. e, Schematic side view of the
adsorption geometry, in which the zexcursion of the calculated atomic
positionsin MgPcis exaggerated by afactor of 6. The geometry suggests that
theinteraction of specific hydrogen atoms (pink) with the underlying chlorine
atoms (intense green) and sodium atoms (intense blue) dominates the
energetics concerning the azimuthal orientation (see also Extended Data

Fig. 6). Thisis consistent with the observationintheory and experiment that
localfields applying forces close to these atomsinduce the strongest
molecular rotation and coherent dynamics.

electron tunnelling into the LUMO strongly influence the switching
probability of the probe pulse. This indicates that the electric field of
the pump pulse itself coherently excites the system, which is further
corroborated by the fact that reversing the polarity of the pump field
leads to an oscillation of p(7) at the same frequency but with opposite
phase (seeFig.3b). These results demonstrate that while local electron
injection is required to trigger a switching event, pump pulses below
the tunnelling threshold caninduce coherent motionin the systemby
virtue of an ultrafast electric-field stimulus. The electric field directly
exerts forces on those atoms that carry a net charge, while the field’s
inhomogeneity results in forces via the polarizability of each atom.
Hence, irrespective of the mechanism, the electric field of the pulse
translates into an ultrafast force transient acting locally.

Pump-probe experiments at varying tip positions while keeping the
pump field below the tunnelling threshold show that both the mean
switchingrate, p, and the modulationamplitude, p,,,, depend critically
on the location over the molecule, yet their spatial patterns are dis-
tinctly different. We find local regions where—less than 5 A apart—the
force-induced modulation, p,,,, is either absent (Fig. 4a) or maximized
(Fig. 4b), verifying that the field acts locally, confined to the Angstrom
scale. Conversely, p is determined by the mean efficiency of the probe
pulse triggering a switching event, following the LUMO tunnelling
probability as in Fig. 2. We observe regions where p is large but p,,, is
absent (Fig. 4a) and others where p is moderate but p,,, is maximized
(Fig. 4b), confirming that the local force acts independently of elec-
tronic excitation. We provide a visualization of these observations in
Supplementary Video1, whichmaps out the spatio-temporally resolved
switching statistics across a single molecule. The coherent control
demonstrated here enables modulation amplitudes of up to 39%
(Extended DataFig. 5).

The electric terahertz near field in the STM junction is expected to
be oriented predominantly perpendicularly to the surface, because
the metal substrate efficiently screens any in-plane component. At first
glance, it may come as a surprise that this field can efficiently modulate
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a switching process that requires mainly an in-plane rotation.
Yet a microscopic model convincingly corroborates this scenario. We
performed DFT calculations, in which the geometry of the combined
system of molecule and NaCl layer is relaxed. Figure 4c shows a top
view of the molecule in state|/) with no field applied. Upon inclusion
of alocal out-of-plane electric field to model the effect of the pump
pulse onto the molecule’s azimuthal orientation we observe the mol-
ecule undergoing asmall azimuthal excursionthat depends sensitively
on the precise position of the local field (see colour scale in Fig. 4c).
The pattern of the local efficiency of a rotational excitation can be
rationalized as follows. The atomic positions of the relaxed geometry
(Fig. 4d, e) suggest that the interaction of specific hydrogen atoms
(highlighted in pink) with the underlying chlorine (highlighted in green)
and sodium atoms (highlighted in blue) dominate the azimuthal ener-
getics, giving rise to the double-well energy landscape (see Extended
Data Fig. 6). Figure 4c strikingly illustrates that, according to the cal-
culation, local fields applied at these atoms induce an appreciable
rotation, whereas fields applied elsewhere do not. These rotations are
too small to directly induce switching of the orientation, consistent
with the experimental observation that withoutelectroninjectionno
switching is observed. However, they are large enough to trigger an
in-plane frustrated-rotational motion that willmodulate the switching
probability of a later probe pulse and thereby allow for coherent con-
trol. The calculated pattern of the local efficiency of a rotational exci-
tation agrees very well with the experimentally observed variations of
the modulation amplitude of p(7) (Fig. 4a, b).

The ultrafast coherent atomic manipulation demonstrated here
paves the way for path-selective real-space reaction microscopy
with sub-cycle and atomic precision. Ultrafast structural transitions
of avariety of quantum systems—ranging from single molecules to
solids—can now be controlled on their natural time and length scales.
We anticipate that combining our control scheme with recent prob-
ing of ultrafast forces**® may pave the way to sub-molecular light-
wave force microscopy. In the near future, we envisage resolving and
manipulating the dynamics of chemical reactions, phase transitions
in strongly correlated materials®® and the quantum properties of
biomolecular systems.
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Methods

STMsetup

The custom-built STM? is based on a Besocke design and operates in
ultrahighvacuum (pressureabout7 x10™ mbar) and atlow temperatures
downto 7K. The bias voltage is applied to the sample. A custom-built,
low-temperature (around 100 K), high-gain (G=2.5x10"°VA™) pream-
plifier (/-V converter) is mounted in close proximity to the STM head.
Terahertz radiation enters the vacuum chamber through a sapphire
viewportasacollimated beam andis focused onto the tip by aparabolic
mirror that is fixed to the STM scan unit.

Sample preparation

Sodiumchlorideis evaporated thermally onto a clean copper (111) sam-
pleunder ultrahigh-vacuum conditions at about 275K to formbilayers
and trilayers. Magnesium phthalocyanine molecules are deposited
onto the cold substrate (T<15K) inside the STM scanner.

Terahertz optical setup

Intense, phase-locked terahertz pulses with a centre frequency of
1.1 THz are generated by tilted-pulse-front optical rectification of
femtosecond near-infrared pulses (centre wavelength, 1,028 nm;
pulse duration full width at half-maximum, 250 fs) from a regenera-
tive ytterbium-doped potassium gadolinium tungstate (Yb:KGW) laser
amplifier (repetitionrate tuneable from 0.61MHz down to single shot)
in lithium niobate. Pairs of mutually delayed terahertz transients are
prepared by transmitting the terahertz pulses through a Michelson
interferometer, in which the computer-controlled position of one end
mirror sets the delay time 7. Using crossed wire-grid polarizers, the
terahertz field amplitude is continuously controlled, for both pulses
individually, without changing the waveform. Their field directions
canbereversed separately.

Time-integrated orbital imaging

The statistical switching behaviour of the MgPc molecule upon charg-
ingis confirmedinatime-integrated way with conventional steady-state
STM. When increasing the bias voltage such that electron tunnelling
into the lowest unoccupied molecular orbital (LUMO) charges the
molecule, the switch starts to toggle. In steady-state STM imaging of
select orbitals, millions of sequential electron tunnelling events
through these states are necessary to record a single pixel, resulting
incountless switching events. The repeated toggling of the orientation
results in a superposition of LUMO images for /) and |r) and prevents
a separate observation of the individual states (see Extended Data
Fig.1). Nonetheless, the ground-state geometry of the molecular frame
can be determined by recording steady-state STM images at a bias
voltage well below any molecular resonance, such that electrons must
tunnel from the tip through the molecule into the substrate in asingle
step, without being able to transiently charge the molecule (Fig.2a, b).

Single-shot switching detection

Toresolve every single switching event®~? of the molecule, a detection
mechanism that allows us to continuously monitor the molecule’s
adsorption geometry is used, extending previously reported imple-
mentations of action spectroscopy in STM****73, To this end, the tip is
first positioned above the bare NaCl substrate close to the molecule that
is to be examined. The tip height is determined by the feedback loop
operatingatacurrentsetpoint of 2 pA at abias voltage of 20 mV (bilayer
NaCl; datashowninFig.2and Extended DataFig.2) or220 mV (trilayer
NaCl, all other data shown), respectively. Although we do not observe
qualitative differences for the dataacquired onbilayer and trilayer NaCl,
for consistency, all time-resolved data were recorded on a trilayer of
NaClonly. After switching off the feedback loop, the tip is moved later-
ally at constant height to the desired measurement position above the
molecule, where it remains throughout the measurement. Applying a

constant bias voltage with typical values around 15 mV (bilayer NaCl)
or 150 mV (trilayer NaCl) well below any of the molecular resonances
drives a detection current /., of afew picoamperes. Because this cur-
rentis notaccompanied by atransient charging of the moleculeit does
notresultinswitching events, yetit differs for both adsorption states.

Simultaneously, terahertz pulses or pairs of pulses with individu-
ally tuneable field strengths are coupled into the STM. For every set
of measurements, the field strengths of the pulses are calibrated via
anonset curve asshownin Extended DataFig. 3, allowing us to control
the voltage transiently applied across the tunnelling junction. When
we choose the field strength of aterahertz pulse such that the voltage
transient accesses the LUMO resonance with its apex, we controllably
setatimewindow withawidth of about100 fs for the injection of asingle
electron (ref. ?). In the experiments presented, all lightwave-induced
tunnelling rates remained below 0.4 electrons per pulse. Withacertain
probability, tunnelling injection leads to a switching event between
the two adsorption geometries, resulting in a persistent change of
the detection current. We continuously record a time trace of this
detection current while repeatedly applying terahertz pulses, and all
switching events manifest as abrupt changes of /... Observing these
abrupt changes of /. reveals every single switching event separately
for both directions. The bandwidth of the STM current preamplifier
leads to thefiniterise timein the observed changes of /., (see Fig. 2c).
To facilitate the separate detection of every event, the repetition rate
of the laser pulse trains must therefore be adapted to the bandwidth
ofthe STM current preamplifier.

To resolve the switching statistics with high precision, these exper-
iments are repeated numerous times to observe a sufficient number
of events for every parameter combination (fixed position, delay time
and field strengths). InFig.3b, for example, every data point represents
statistics extracted from a typical time trace where a total of 249,770
terahertz pulse pairs were coupled to the STM, n =159,000 of which
were incident with the molecule in one of the two orientations. This
sequence of pulses triggers about n x p = 5,760 switching events
observed in one switching direction, with a switching probability p.
Statistically, every laser shot represents a Bernoulli trial and every
sequence follows abinomial distribution. This yields a shot-noise lim-
ited signal-to-noise ratio of ./np =76, corresponding to a relative sta-
tistical uncertainty of 1.3%. By fitting the datain Fig. 3b to asine curve,
we obtain anexperimental relative deviation of 1.6% (standard deviation
divided by mean).

DFT calculations

We performed DFT calculations of MgPc on a cluster of NaCI(100)
using the FHI-aims code with numerical atomic orbitals as the basis
functions®. The Perdew-Burke-Ernzerhof* exchange-correlation
functional with an admixture of exact exchange of 0.8 and a van der
Waals method***® was applied for all calculations. As in the experi-
ment, the molecule was centred on top of a Cl” site. To identify the
mechanisms that dominate the adsorption energetics with respect to
theazimuthal orientation (Extended Data Fig. 6), geometry optimiza-
tion was performed with the azimuthal angle being constrained to
valuesin the range 0° to 20° by fixing one of the in-plane coordinates
of two nitrogen atoms and relaxing all other degrees of freedom. The
response of the coupled system of neutral molecule and NaCl substrate
toalocally applied out-of-plane electric field (Fig. 4c) was calculated
by introducing a pair of vertically separated point charges enclosing
the molecule and NaCl cluster (charge of +1.6e and -1.6e, with vertical
position z=-10 A and +10 A with respect to the topmost NaCl layer,
respectively, where eis the unsigned elementary charge) at different
lateral positions and relaxing the entire geometry.

Charging probability calculation
To calculate the spatial distribution of the LUMO charging probabil-
ity (Fig. 2e, Extended Data Fig. 2b), we adopt the Bardeen model*,



Article

where the tunnel current is proportional to the square of the matrix
elementbetween the relevant tip and sample wavefunctions. Asin the
Tersoff-Hamann approach*®, we approximate the tip wavefunction
to be spherical with an exponential decay length of 0.6 A (ref. 22), and
we use the DFT-derived LUMO as the sample wavefunction. The best
agreement between simulations and spatial maps of switching prob-
ability is obtained when the tip wavefunction is centred 9 A above the
topmost NaCl layer.

Data availability

The data supporting the findings of this study are available from the
corresponding authors upon request.
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Extended DataFig.1| Time-integrated STMimage of recurringly switching
MgPcmolecule. Constant-current topographic map of the LUMO resonance of
aMgPcmolecule adsorbed onNaCl (1.1V bias voltage, 2 pA current setpoint).
TheNaClsymmetry directions areindicated by dashed lines. A prominentring
of4 Aapparent height around the centre of the molecule is visible, featuring
four pairs oflocal minima along the azimuthal direction (one pair indicated by
arrows). Torecord each single pixel, millions of electrons are successively
tunnelled from the tip into amolecular orbital and subsequently into the
substrate, triggering the molecule to switch between both adsorption ground
states|/)and|r) many times. As aresult, the time-integrated LUMO density map
features pairs of local minima deduced from the individual electronic nodal
planesinstates|/)and|r), representing asuperposition of the electron density
inboth geometries.
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Extended DataFig.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)to|/).
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Extended DataFig. 3| Terahertzfield calibration. The probability of
switching triggered by individual terahertz pulses is measured as afunction of
terahertzfield strengths (blue data points). The field strength s controlled by
transmitting the pulses through a pair of crossed polarizers and plottedona
linear scale withinitially undetermined scaling factor. As the field increases,
the peakfield of the pulses reaches the LUMO resonance. Assumingalinear
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
withincreasingbias voltage in time-integrated scanning tunnelling
spectroscopy. The Gaussian-shaped LUMO-related peakin time-integrated
differential conductance (d//dV) spectratranslatesintoanerror-function-
shaped onset of current withincreasing voltage. Indeed, anerror function (erf)
fitsthe experimental data very well (blue fit curve), the derivative of which (red
curve,normalized to the peak) reproduces the equivalent of a LUMO-related
peakind//dVspectra. Time-integrated scanning tunnelling spectroscopy
shows that the LUMO resonance is centred ata voltage of 1.2V, allowing for a
calibration of the applied terahertz peak fields in terms of the transient’s peak
voltage.
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Extended DataFig. 4 |Extraction of mean p and amplitudep,,from

coherently modulated switching probability traces. Inapump-probe
schemeasdepictedinFig.3a, pairs of terahertz pulses with an adjustable delay
time rinduced switching events. Although the field strength of the probe
pulses was chosento 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
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switching probability traces p(r) show oscillations atafrequency of 0.3 THz,
one period of whichis resolved for different field strengths of the pump pulse.

Thelatterisindicatedinthe top right corner of each panel, expressed as the

peak voltage of the corresponding transient (calibrated via Extended Data

extracted by fitting asine (solid lines) to the data.

Fig.3).Foreachcurve, the time-averaged mean p and amplitudep,,, are
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Extended DataFig. 5|Field-induced coherence modulates switching
probability by 39%. Time-resolved switching probability versus delay time,
obtainedinthe same way as the datashownin Fig.3b. Here, the field strength of
pump and probe pulses were equal and individually large enough to facilitate
tunnellinginto the LUMO, which corresponds to a peak value of the
corresponding voltage transient of about 1.2 V; see Extended Data Fig. 3. This
data exhibits afield-induced modulation of 39%, representing the largest
variation that we detected (peak-to-peak modulation of 0.0076 to an average of

0.0195).
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Extended DataFig. 6| Analysis of the role of specificatoms of MgPc and the
NaClsubstrate indetermining the adsorption energetics withrespect to
the azimuthal orientation. In DFT calculations we enforce differentin-plane
rotation angles by fixing one of the in-plane coordinates of two nitrogen atoms
of themolecule and the orientation of the substrate while relaxing the
remaining geometry. Performing this calculation for several angles allows us to
track the response of selectatoms to anin-plane rotation of MgPc. a, Pink data
pointsindicate the zcoordinate (perpendicular to the surface) of four
equivalent hydrogen atoms of the molecule (highlighted in pinkinb, top view
of molecule and NaCllayers) as afunction of adsorption angle and show aclear
excursion of the atoms towards the substrate for rotation angles around ¢ =10°
(zcoordinatesrelative to the topmost NaCl layer). Similarly, the zcoordinate of
theclosest Cl"ion (green data pointsinaand greenatomsinb) showsaclear
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upward deflection at similar angles, suggesting alocalinteractionbetween
these two atoms. ¢, d, For comparison, we show the zcoordinates of other pairs
of Hatoms and CI” ions, which do not exhibit suchbehaviour.e, f, Further, the z
coordinate of four equivalent sodium atoms (intense blue) located below one
ofthe C-Cbonds of the molecule’s peripheral benzeneringsindicates an
excursion towards the molecule of up toalmost 0.2 A for increasing adsorption
angles.For comparison, we plot the zcoordinates 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
thatfeatureastrong coupling between their zcoordinate and the in-plane
rotation of the molecule (pink, intense green, intense blue) arelocatedin the
regionwherelocalfields induce the strongest coherent excitation (Fig. 4).
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