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ARTICLE INFO ABSTRACT

Commissioning Editor: Dr. H. Petek Quantum coherent physics and chemistry concern the creation and manipulation of an excited-
state manifold that contains the superposition and entanglement of multiple quantum levels.

Keywords: Electromagnetic waves such as light and microwave can be used to generate and probe different

Quantum coherence quantum coherent phenomena. The recent advances in scanning tunneling microscopy (STM)

Scanning tunneling microscopy
Molecular dynamics
Electron spin resonance

techniques including ultrafast laser coupled STM and electron spin resonance STM combine
electromagnetic excitation with tunneling electron detection, bringing the investigation of
quantum coherence down to the atomic and molecular level. Here, we survey the latest STM
studies of different quantum coherent phenomena covering molecular vibration, electron transfer,
surface plasmon resonance, phonon, spin oscillation, and electronic transition, and discuss the
state and promise of characterizing and manipulating quantum coherence at the atomic or mo-
lecular scale.

1. Introduction

Coherence, either classical or quantum mechanical, refers to the phenomena where wave-like amplitudes maintain a fixed phase
relationship[1,2]. In the classical realm, coherent interference is often described with a deterministic position-time correlation
function, such as the sinusoidal function used to outline the interference pattern in the double-slit experiment. In quantum mechanics,
the probability amplitude of a state can be traced with wavefunctions. Quantum coherence arises from a series of wavefunctions that
can maintain their entanglement and superposition|[3,4]. Molecular-scale quantum coherence is ubiquitous in chemistry as it can be
associated with nuclear motions[5-7], molecular orbitals[8-10], or periodic wave functions in molecular crystals[11,12]. It becomes
especially enchanting in the context of light-matter interaction, where coherent electromagnetic fields, such as laser pulse, can create
or modify molecular superposition states. This leads to a long-standing idea of coherent manipulation in chemistry: by precisely tuning
the driving electromagnetic field, the population of a certain excited state can be artificially controlled, ultimately allowing us to steer
the reaction pathway on demand[13-15].
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The atomic- and molecular-scale quantum coherence is also of great interest and importance in quantum information science. A
pair of entangled quantum states may serve as a qubit, which is the basic unit to apply quantum superposition principles in compu-
tational and cryptographic tasks that are impossible to accomplish by classical algorithms[16,17]. Meanwhile, coherent manipulation
has the unique capability to prepare arbitrary superpositions of quantum states, a prerequisite for all quantum information processing
protocols[18]. Many atomic or molecular systems that can maintain long-time coherence are natural candidates to realize different
qubit-formation mechanisms, from altering the spin of an electron to leveraging the polarization of photons[19,20]. A major stumbling
block all these systems share, however, is quantum decoherence: the loss of definite phase information from a binary coherent state
into the environment over time, which can occur through various mechanisms from phonon scattering to exchange interactions with
local impurities[21]. Atomic-scale understanding of the decoherence dynamics, and the precise characterization of the direct coupling
between a qubit and its immediate chemical environment, are therefore essential in the design and application of atomic or molecular
qubits.

Scanning tunneling microscopy (STM), invented nearly forty years ago was immediately recognized as a groundbreaking tech-
nology because of its atomic-scale spatial resolution[22]. Traditionally, STM could not provide adequate temporal information due to
the limited electronic response time. The state-of-the-art time-resolved STM techniques which combine pulsed electromagnetic
excitation with local tunneling electron detection have enabled the investigation of atomic and molecular dynamics that occur as fast
as attosecond timescale[23-25]. For the first time, we have a technique that can simultaneously locate an atom or a molecule in real
space and probe the time evolution of the probability density of its quantum states. This transforms an STM from a still camera that can
only acquire high-definition photos into an ultrafast camcorder that can capture transient electronic and nuclear motions, making it an
impactful approach to investigating atomic and molecular coherent phenomena. Here, we review the recent research on coherent
processes such as molecular vibration[26-28], electron transport[29,30], plasmonic excitation[30], phonon[31,32], spin resonance
[33,34], and electronic transition[35], revealed by different ultrafast STM techniques to highlight the progress and promise of
space-time exploration of atomic- and molecular-scale quantum coherence.

2. STM coupled with electromagnetic excitation

The combination of electromagnetic excitation and electron detection brings the strength of optical spectroscopy in the time and
frequency domains together with the atomic-scale resolution of STM in real space and naturally becomes an ideal approach to visu-
alizing atomic-scale quantum coherent phenomena (Fig. 1). Recently, several research groups have demonstrated the union of visible/
near-infrared (Vis/NIR) laser pulses with STM in an optical pump-probe scheme[28,30,32,35-40]. The advantage of using Vis/NIR
photons is obvious: they cover a wide range of electronic and vibrational transitions of atoms and molecules and have been extensively
applied in the studies of coherent phenomena in ensembles. In this scheme, paired laser pulses with a tunable delay time (7) are focused
into the tunnel junction and the consequent localized current is detected. The former or pump pulse excites the sample and alters the
transient signals associated with an excited state. Such transient signals, including photon-induced tunneling[30], surface photo-
voltage[37], the electron density of states[35], and photon-driven molecular transition rates[28], are characterized locally by
measuring the tunneling current. The intensity of the signals evolves in time and is sequentially probed by the second laser pulse. By
fitting the time-averaged transient signal as a function of t, one can therefore probe the dynamics of sample excited states at a time
resolution limited by the laser pulse width. One major challenge arises from the weak photo-induced current signal compared with the
relatively large background tunneling current, especially when it comes to the excitation from a single particle state in an atom or
molecule. Specifically, even at 100 % quantum efficiency when each laser pulse excites an electron from a non-degenerated electronic
orbital, only 0.16 pA tunneling current can be generated by a laser pulse train with a 1 MHz repetition rate. Therefore, a phase-sensitive
method such as the lock-in technique is often essential to resolving the photo-included current in molecular studies
[26,30,31,35-37,39-44]. Other approaches including the development of a high-sensitivity current pre-amplifier(26,27,45],
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Fig. 1. Schematic of coupling STM with electromagnetic excitations in different wavelengths.
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increasing the laser repetition rate[ 28], or measuring the laser induced molecular transition rate[27,28] are also adopted to improve
the signal-to-noise ratio. Since the desired electronic transition of an atom or molecule only consumes a small portion of the laser
energy, the rest of the pulse dissipates into heat. This poses another challenge in maintaining atomic-scale mechanical stability in the
STM junction under laser illumination. The tip expands (contracts) in response to the presence (absence) of the laser pulses. Since the
tunneling current is very sensitive to the tip-sample separation, even a small fluctuation of the laser power can cause changes in the
length of the STM tip which interferes with the STM measurements. It becomes especially problematic when chopper or power
modulation is applied to the laser beam to perform lock-in measurements. Thus, a low-energy and power-stabilized laser is necessary
for suppressing signal artifacts from thermal-mechanical fluctuations in the tunnel junction. Several methods have been developed to
avoid the thermally induced mechanical fluctuation of the STM junction. Firstly, instead of chopping the probe pulses, modulation to
t[37], pulse duration[39], frequency of carrier wave[35,39], or polarization of electric field[35,39] was applied for lock-in detection
to avoid a dramatic change of thermal load at the STM junction. Secondly, the increase of laser repetition rate to the GHz scale can
reduce the energy of a single pulse without hindering the yield of the signal[28]. Thirdly, lenses[36] or parabolic mirrors[30] in
proximity to the STM junction were used to increase the numerical aperture of the optical pathway to tightly focus the laser beam.
Finally, with low-energy (~2.5 nJ) and high-repetition-rate (80 MHz) ultrashort (<6 fs) laser pulses, Garg et al. showed that the
thermal fluctuation at the tunnel junction is negligible (<1 pm) if the probe pulses are chopped at a frequency higher than 1 kHz
[30,39], though others also reported that thermal perturbation may remain problematic with similar modulation frequency[36,46,47].

The recent developments in terahertz (THz) techniques also provide an optimal solution to the thermal fluctuation of the STM
junction. When used as the probe pulse in the pump-probe scheme, the THz photon energy is low enough to avoid inducing thermal
expansion of the STM tip. Instead of interacting with the sample through photon absorption, the THz pulse generates a transient
electric field to the tip-sample junction which induces a rectification tunneling current[26,27,29,31,41-44,48-52]. Owing to the local
field enhancement effect, the THz field is strongly confined at the atomically sharp STM tip apex. Since the tip-sample separation is
usually several angstroms, the quasistatic THz-induced bias is strong enough to modify the tunneling barrier and hence introduce
ultrafast electron tunneling. Due to the nonlinearity of the I-V curve, the time-averaged THz-induced tunneling current is non-zero and
thus can be read out by the current amplifier using the lock-in technique[42,53]. Another important advantage of the THz pulse is the
stability of its carrier-envelope phase (CEP)[53-55]. Since the phase of the driving laser pulse is correlated with the probability
amplitude of the superposition states it excites, a stable CEP is especially critical in the investigation of coherent phenomena. The THz
pulses can be generated with the tilt-pulse-front optical rectification[56-58], spintronic emitter[59,60], or plasmonic photoconductive
antenna[61,62], all are difference frequency generation processes that automatically yield a locked CEP. This avoids the complicated
and often expensive approaches commonly applied to achieve a stable CEP in the Vis/NIR range[63-65].

At an even longer wavelength scale, the combination of radiofrequency (RF) excitation with spin-polarized STM further expands
the study of electron spin resonance (ESR) to the single atom and molecule level[33,34,66-68]. Different from the Vis/NIR or THz
coupled STM where the electromagnetic excitation is provided through a free-space laser, the RF signal in an ESR-STM is generated
using a microwave generator and transmitted to the tunneling junction through coaxial cables. To compensate for the energy loss
through the cabling, the RF source power is typically varied according to the frequency-dependent transfer function to generate a
constant-amplitude RF field at the tunnel junction[69]. In an ESR-STM measurement, a magnetic tip is positioned on top of a single
magnetic atom or molecule. An RF electric field (typically ~ 20-30 GHz) is then applied across the STM tunnel junction to drive the
spin transitions between spin-up and spin-down states, which are separated by the Zeeman energy due to an external magnetic field.
While the primary mechanism of ESR-STM remains under debate in the literature[70-74], the most commonly assumed and exper-
imentally supported one remains the magnetic interaction modulation mechanism[70,71]. In this scenario, the RF electric field in-
duces a piezoelectric displacement of the surface atom, which results in a time-varying perpendicular magnetic field sensed by the
surface atom as it mechanically displaces toward and away from the magnetic tip[71,75,76]. The initialization of the surface spins is
due to the thermal polarization in an applied magnetic field as well as the spin torque from the spin-polarized tunneling current. The
detection of the ESR signal relies on the change of tunneling magnetoresistance of the tunnel junction as the spin is driven away from
its initial spin population in an applied RF field[75,77]. The spin-polarized STM tip plays an important role in the ESR-STM experi-
ment. A magnetic tip with a canted magnetic moment with respect to the external field provides both the oscillating magnetic field to
drive ESR and also spin polarization to detect the change of time-average spin populations by tunneling magnetoresistance[71]. In
addition, the magnitude of the tip field can be adjusted by changing the tip-surface distance, covering a range from 1 mT to 10 T, which
offers a local knob to tune the surface spin states[78,79]. In general, the experiment needs to be performed at an extremely low
temperature (~1 K) and under a strong magnetic field (>1 T) so that the energy separation between the spin states is comparable to or
larger than the Boltzmann energy. Nonetheless, the recent application of a specially designed bowtie antenna located ~ 1.8 cm from
the tunnel junction is shown to effectively enhance the RF amplitude in the higher frequency range (~100 GHz), which would confer
major benefits in experiments run at 4-5 K[80]. The spin dynamics information, such as the energy relaxation time T; and dephasing
time T, can be probed by an electronic pump-probe measurement using incoherent[81-84] or coherent voltage pulses[33,34,75].
Since ESR-STM is essentially an all-electronic approach, the time resolution is limited by the electronic response time to the nano-
second timescale, which is high enough to study spin coherence and dynamics for quantum sensing and simulating quantum
magnetism but remains too low to resolve the relatively fast processes related to spin-orbit or spin-phonon coupling[85,86].
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3. Recent STM studies of quantum coherence
3.1. Vibration of single molecules

An electromagnetic perturbation, such as a short laser pulse, can induce the coherent oscillatory motion of atoms within molecules,
establishing molecular vibrational coherence[7]. These vibrational states can often be approximated as a semiclassical harmonic
oscillator whose probability density exhibits a sinusoidal oscillation in time, which can either directly affect electron tunneling or
couple with a molecular reaction coordinate, both detectable by STM with sub-Angstrom spatial resolution. Depending on the sym-
metry, the vibrational dynamics can be traced by various ultrafast signals. For example, the bouncing vibration of a molecule on a
surface directly alters the distance between the molecule and the tip which changes the intensity of the tunneling current[26]. The
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Fig. 2. STM visualization of THz included coherent vibration of single molecules. (a) Schematic of the THz pump-probe measurement on a surface-
adsorbed pentacene molecule. (b) THz-induced tunneling from HOMO of molecule to tip. V represents the ultrafast THz-induced voltage pulse. s, m
and t stand for sample, molecule and tip respectively. (c) Spatial mapping of the THz-induced tunneling current over a pentacene molecule. (d) DFT
result of HOMO contours of a free pentacene. (e) Pump-probe measurement over a pentacene shows oscillating current signal as a function of delay
time 7. (f) Topographic image of a pentacene (top left) and a CuPc (bottom right) on NaCl/Au(1 10) without Au(1 10) missing-row reconstruction.
(g) THz pump-probe scan on pentacene (top) and CuPc (bottom). The positions of the tip during measurement are indicated by the circles of
corresponding colors in (f). Reprinted and adapted with permission from Ref. [26]. Copyright 2016 Springer Nature.
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frustrated rotation or bending vibration may modulate the rate of a molecular structural transition[27,28]. For a single-molecule
study, the molecule needs to relax to an equilibrium ground state during the pulse interval, so that the pump pulse always interacts
with the same molecular initial state. The coupling between the vibrational degree of freedom and the environment (the “bath” degrees
of freedom) often leads to a comparatively fast dephasing and relaxation typically in picoseconds. Recently, several research groups
reported the observation of vibrational coherence of individual molecules using ultrafast laser coupled STM[26-28].

By coupling the femtosecond CEP-locked single-cycle THz pulses with STM, the groundbreaking experiment by Cocker et al
successfully unveiled the coherent vertical vibration of a single pentacene molecule on a NaCl/Au(1 1 0) substrate (Fig. 2a)[26]. In this
experiment, the THz pulse generates a transient voltage pulse at the tunneling junction which can induce electron tunneling from the
highest occupied molecular orbital (HOMO) of pentacene to the tip (Fig. 2b). The temporary ionization of the molecule is confirmed by
the spatially resolved mapping of the THz-induced tunneling current at nearly zero DC bias voltage, which reveals the spatial dis-
tribution of the HOMO that otherwise can only be accessible at the resonant bias (Fig. 2c-d). The time-resolved pump-probe exper-
iment is performed on the molecule with sequential equivalent THz pulses separated by a delay time t. The THz-induced tunneling
current generated by the probe pulse exhibits a ~ 0.5 THz oscillation, assigned as the out-of-plane vibrational motion of the molecule
(Fig. 2e). The vibrational excitation was attributed to the result of the transitory change of the Coulomb and van der Waals forces on
the molecule upon ionization. Furthermore, a smaller oscillation frequency, ~0.3 THz, is measured on the pentacene on NaCl/Au
(110) without an underneath missing-row reconstruction, which showcases the modification of molecular vibrational dynamics by
adjusting the weak van der Waals interaction with the underlying substrate. A similar vibrational coherence (~0.5 THz) is also re-
ported on copper phthalocyanine under the same experimental conditions (Fig. 2f-g).

In follow-up work, Peller et al. further associated the vibrational coherence of a molecule with conformational changes and
demonstrated the connection between the CEP of the driving THz pulse and the phase of the vibrational oscillation[27]. Here, the
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Fig. 3. Single-molecule switch mediated by the coherent in-plane frustrated rotation. (a)-(c) Schematic of the switching of MgPc on NaCl/Cu(111)
from conformational state |1 > to |r > mediated by the localized force, F(t), induced frustrated in-plane rotation. (d)-(f) The potential energy profile
of MgPc as a function of the adsorption angle and the evolution of the MgPc during the switching process. The blue parabolic curve in (f) is the
energy profile of the temporally negatively charged MgPc before tunneling into one of the two stable states. (g) The THz pump-probe scheme where
the weak pump pulse only exerts a local force on the molecule to induce hindered rotation while the strong probe pump triggers electron tunneling
into the LUMO of MgPc to initiate the switching and to enable tunneling current detection. (h) The switching probability as a function of delay time.
The purple and pink data points were collected with reversed pump pulse. (i) Simulated spatial distribution of the amplitude of in-plane rotation
locally triggered by the THz pulses. The MgPc with selected hydrogen atoms painted in pink is overlaid. (j) Switching probability over the positions
indicated in (i) as a function of delay time, exhibiting negligible modulation. (k) Switching probability over the positions indicated in (i) as a
function of delay time, demonstrating large field-induced modulation. Reprinted with permission from Ref. [27]. Copyright 2020 Springer Nature.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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transient voltage generated by a relatively strong THz pulse can induce the temporary ionization of a bistable magnesium phthalo-
cyanine (MgPc) on the NaCl/Cu(111) surface by electron tunneling into its lowest unoccupied molecular orbital (LUMO). The mo-
lecular anion then quantum mechanically relaxes from a parabolic potential landscape to one of the two stable adsorption geometries,
resulting in molecular conformational switching (Fig. 3a-f). The spatial variation of the switching probability measured across the
molecule strongly correlates with the simulated tunneling probability into the LUMO of MgPc. When the molecule interacts with a
relatively weak THz pulse, the transient field is not enough to induce switching of MgPc but can trigger its frustrated in-plane rotation
(Fig. 3a-b). The dynamical correlation between the coherent molecular vibration and the molecular switching can therefore be probed
using a weak pump pulse and a strong probe pulse separated by a tunable delay time t (Fig. 3g). This mechanism is validated by the ~
0.3 THz oscillatory patterns in the measured switching probability as a function of t and further corroborated by the 180 phase shift of
the observed oscillation when the polarity of the pump pulse is reversed (Fig. 3h). It is interesting to note that clear oscillations can be
observed with either strong or weak pump pulses, indicating that the vibrational excitation could be independent of molecular
ionization. Since the THz pulse mainly introduces an out-of-plane electric field, the excitation of the hindered rotation was rationalized
as the result of the perturbation to the interaction between the four end hydrogen atoms on MgPc and the underlying chlorine and
sodium ions, which defines the double-well surface adsorption potential. This hypothesis was supported by the much larger modu-
lation to the switching probability observed when the tip is parked near those hydrogen atoms (Fig. 3i-k).

Besides THz radiation, NIR laser pulses can also trigger coherent molecular vibration through, for example, the impulsive stim-
ulated Raman scattering (SRS) process. Li et al. observed the coherent vibration-driven conformational transitions of a single pyrro-
lidine molecule on Cu(00 1) by coupling broadband (~46 meV energy spread) NIR femtosecond laser pulses with an STM (Fig. 4a)[28].
In their experiment, the surface-adsorbed pyrrolidine molecules can switch between two conformational states (named I and II) when
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Fig. 4. Coherent vibration assisted conformational transitions in single pyrrolidine molecules. (a) Schematic of an STM junction coupled with NIR
pump-probe pulses. (b) Two interchangeable conformational states I and II of pyrrolidine on Cu(001). (¢) Delay scans with identical NIR pulses over
the center of a pyrrolidine. The transition rate is defined as I-II-I cycles per minute. The red and bules dots are experimental data which are fitted
(black and red dashed lines) with a function of three components: two exponentially decaying sinusoidal functions, a constant and a Gaussian
function. (d) Fourier transform of the data in (c) shows a dominant peak at 6.9 + 0.2THz and a weak peak at 2.7 &+ 0.3THz. The left and middle
insets are the DFT-calculated vibrational modes and are assigned to the weak and dominant peaks respectively. The right inset is the topographic
image of the pyrrolidine over which the data in (c) were taken. (e) Fourier transform of the delay scan taken over the center of a pyrroline dimer
which is shown in the inset. Reprinted and adapted with permission from Ref. [28]. Copyright 2017 American Physical Society. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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excited by either tunneling electrons or photons (Fig. 4b). The switching events are recorded by monitoring the sudden change in the
tunneling gap /\z. Under femtosecond laser illumination, the transition rate (defined as I-II-I cycles per minute) significantly increases.
The pump-probe measurement of transition rate with a pair of identical laser pulses exhibits a remarkable ~ 6.9 THz oscillatory
feature with a weak ~ 2.7 THz modulation, assigned as the bending vibrational mode (~27.24 meV) and the bouncing vibrational
mode (~11.85 meV) respectively by comparing with DFT calculations (Fig. 4c-d). A ~ 1.3 ps decay time is extracted from fitting the
data with two exponentially decaying sinusoidal functions. Since the molecule doesn’t have well-defined electronic states on the metal
surface, photon absorption through the Frank-Condon transition is unlikely. The authors attributed the vibrational excitation to SRS
where the energy spread of the pump NIR pulse covers both the bending and bouncing vibrational modes. The experiment also reveals
that the coherent dynamics changes with another molecule in proximity. The dominant oscillation measured over a pyrrolidine in a

Barrier height (eV)

(a) 21 beep =0 (c) @ (d) 4321 0-1-2-3
0+ 0.1M“\ dcegp=0 ) e/ 8 [— |
bcep =0

6 -
0.0 l], I/
an Peep =T 2oL § Je=]
-6 rmﬂm Peep = /2
-0.1+

-84

Peep =T 3-
-10 ~% p °I/

T " T T T T 7 g 78 HE (. ! L : L J
024681012 300 200 100 0 -100 -200 -300 4 2 0 -2 02 04 06 08 10
Time (ps) d.c. bias (mV) Electric field (V nm™) Position (nm)

()

—~
O
~

Current (nA)

Electric field (kV cm™)
|
A
|
Time (ps)

g

—~
D
~

S
)
c
.20
[
- i
g I Tt 11
= o ==
i \
11
-3 14 T T T T T \III
0.0 0.2 04 06 0.8 1.0
S 10 12 14 16 18 20 22
Position (nm) Time (fs)
(i) 1)
4

(yd) yuauny
Current (pA)
Amplitude (a.u.)

20 30 40 50 1 2 3
A@egp( rad) Delay (fs) Beat frequency (eV)

4 5 6 7

Fig. 5. Coherent manipulation of electron transfer and observation of LSPRs at the STM junction. (a) Electric-field profiles of THz pulses with
different CEPs. (b) CEP-dependent tunneling current as a function of DC bias. (c) Illustration of CEP-dependent direction of electron tunneling. (d)
Simulated ultrafast evolution of tunneling barrier across the junction, right panel, under the illumination of the THz pulses, left panel. (e) The
barrier height as a function of tunneling gap at different time, as indicated by the black dashed lines in (d). The arrow lines show the tunneling
direction and the thicker the line, the higher the tunneling probability. (f) Modulation of tunneling current at different tunneling gap by varying the
CEP of the ultrashort NIR laser. The white dashed line shows the shift of current maxima when the tunneling gap changes. (g) Topographic image of
three Au nanorods on n-doped 6H-SiC. (h) Top panel: Schematic of the Au nanorod excited by NIR laser pulses. Bottom panel: Illustration of the
surface plasmon oscillation in Au nanorod in both time and spatial domain. (i) The blue curve is the temporal evolution of the laser-induced
tunneling current over the Au nanorod and the green one shows the exponential decay of the current signal. (j) Fourier transform of the data in
(i). Reprinted with permission from Ref. [29] Copyright 2016 Springer Nature and Ref. [30] Copyright 2020 American Association for the
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dimer decreases to ~ 6.0 THz in frequency and decays within 1 ps, highlighting that even the molecular-scale influence of the local
chemical environment can alter the coherent dynamics (Fig. 4e).

3.2. Electron transfer and collective oscillation

The dynamical motions of electrons govern many physical, chemical, and biological processes. Manipulation of electron motions
can make profound impacts on both macroscopic and microscopic levels from ps-scale electron tunneling in photosynthetic reaction
centers[87] to ms-scale electron transfer in centimeter-long DNAs[88]. The recent advances in ultrafast laser technology have made it
possible to generate and control the CEP of laser pulses with high accuracy. Using few-cycle CEP-tunable laser pulses, several research
teams have demonstrated the manipulation of electron motions at the STM junction[29,30].

In 2016, Yoshioka et al. showcased the coherent manipulation over directional electron tunneling at the STM junction with sub-
picosecond temporal resolution[29]. They observed the change of tunneling current polarities in response to the CEP of the THz
pulses. In this study, the STM tip over a highly oriented pyrolytic graphite surface is shined with single-cycle THz pulses of 3 different
CEPs (¢p¢gp = 0,7/2, andm, respectively) (Fig. 5a). The THz pulses with ¢z = 0 modulate the tunnel barrier in a sub-picosecond
timescale (Fig. 5d-e) and induce the transient electron tunneling from tip to sample. When ¢y, is shifted by =, electrons tunnel in
the opposite direction. In the case of ¢z = 7/2, the direction of the THz-induced electron tunneling depends strongly on the DC bias:
electrons undergo tunneling from the tip to the sample under a positive bias while in the opposite direction under a negative bias
(Fig. 5b-c). This study demonstrates the control of the electron tunneling direction with CEP.

More recently, Garg and Kern took one step further and pushed coherent control over the tunneling electrons to the attosecond
timescale[30]. In this experiment, an Au surface is illuminated by ultrashort (<6 fs) NIR (810 nm center wavelength) laser pulses with
continuously adjustable CEP. The CEP corresponds to the maximum tunneling current shifts by 7/2 as the tip approaches the surface by
0.9 nm, which was attributed to the decrease of the traveling time of the electron in the junction by ~ 600 as, 1/8 of the pulse width of
the two-cycle laser used in the experiment (Fig. 5f). In addition to the single-electron motion, they also visualized the femtosecond
scale decay dynamics of the collective electron oscillations in the 150 x 20 x 30 nm Au nanorods grown on atomically flat n-doped 6H-
SiC (Fig. 5g-j). In the pump-probe measurement with identical broadband NIR pulses, the field-driven tunneling current oscillates at a
wavelength of 750 nm, which was assigned to the longitudinal mode of the localized surface plasmon resonances (LSPRs) in the Au
nanorods with an aspect ratio (length/width) of ~ 8. A decay time of ~ 40 fs is extracted from fitting the current and was attributed to
the fast electron scattering process.

3.3. Coherent phonon

Besides the efforts focused on the nuclear motions of molecular adsorbates, the recent THz-STM experiments have also explored the
collective movement of atoms in solid-statete materials. Sheng et al. have shown that THz pulses incident on the tunnel junction can
induce ultrafast Coulomb forces in thin Au films grown on Mica, allowing the creation of coherent acoustic phonon wave packets[31].
These coherent phonons (CPs) propagate through the film, reflecting several times at the vacuum and Mica interfaces at either side of
the Au thin film which results in periodic mechanical breathing of the Au surface atoms on the scale of picometers. These mechanical
oscillations of the surface can be detected as a transient modulation of the tunneling barrier when probed by picosecond pump-probe
spectroscopy. The frequency of the CP surface oscillation is found to match the calculated acoustic phonon frequency of the thin film at
its measured thickness and shifts dramatically from ~ 10 GHz to ~ 260 GHz as the film thickness is reduced from ~ 150 nm to ~ 6.5
nm. Further anomalous surface oscillations at other frequencies appear in the pump-probe spectra and are found to be dependent on
the local positions of the tip, strongly hinting at the possibility of characterizing phonon scattering from local defects and surface
features at the nanoscale. These results establish that the observed periodic oscillation of the tunneling barrier is indeed a property of
the gold film and further points to new experiments in space-time resolved coherent phonon experiments. Since CPs can transiently
modulate material properties, excite spin waves, and have long propagation lengths with low loss, the ability of THz-STM to study this
phenomenon in detail constitutes an important and timely advancement.

In a more recent work, Liu et al. reported the NIR pulses excited CPs of the ZnO thin films in a plasmonic tunnel junction[32]. In the
experiment, the NIR pulses are confined to the nanoscale by the nanoscopically sharp Ag tip and Ag(111) surface, producing
picoampere-scale photoexcited current Iporo via LSP excitation. Instead of measuring in the tunneling regime, they detected the Ipnoto
after lifting the tip well above the tunneling setpoint where the contribution from the DC tunneling current is negligible. When col-
lecting the Iphoto OVer a 3-monolayer ZnO thin film on Ag(111), a negative bias is added so that the photo-assisted tunneling from the
ZnO to the tip dominates while that in the other direction is suppressed. As revealed by the pump-probe measurement, the Iphoto
exhibits oscillation damping in several picoseconds, which was assigned to CP modes after comparing its Fourier transform spectrum
with the tip-enhanced Raman spectrum acquired over the same location. Since the Ipoto mainly sources from the resonant electronic
transition from the interface state to the conduction band edge of the ZnO on Ag(11 1), the authors rationalized that the CPs modulate
the transition probability between the interface state and the conduction band edge and hence results in the oscillatory Iphoto. It Was
further shown that the CP modes vary on the nanoscale, again demonstrating the unique capability of laser-coupled STM on probing
the local coherence dynamics.
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3.4. Electron spin resonance in single atoms and molecules

Individual atomic and molecular spins on surfaces provide a versatile platform for future spintronic and quantum computing
applications[77,89,90]. To detect and control the quantum states of surface spins with high precision, ESR-STM has been applied to
probe the spin states of magnetic atoms and molecules with ultra-high energy resolution[66,75-78,91-94] and to realize coherent spin
manipulation of single magnetic atoms and molecules on surfaces[33,34].

Using a homemade low-temperature (1.2 K) STM, Yang et al. realized the coherent spin manipulation of single Ti atoms by a pulsed-
ESR technique[33]. Fig. 6a shows the schematic of the experimental setup. Spin-1/2 Ti atoms were placed on the surface of a bilayer
MgO film grown on Ag(001), and a series of RF pulses at the resonant frequency were then applied to induce Rabi oscillations between
the spin-up |1), and spin-down ||) states. Here, the resonant frequency of the Ti atom is determined by measuring its continuous-wave
ESR (CW-ESR) spectrum where the RF frequency was swept and the external field was kept constant at about 0.8 T. During the RF
pulses, the Ti was coherently rotated between the |1) and ||), giving rise to oscillatory tunneling magnetoresistance with increasing
time durations of the RF pulses (Fig. 6b). The Rabi oscillation signal in Fig. 6b was obtained by using a homodyne detection scheme
where the time-averaged current due to the RF voltage was measured, giving rise to a better signal-to-noise ratio than measurements
using DC pulses[33]. The Rabi frequency increases monotonically with RF amplitude and exhibits an exponential dependence on the
tip-atom distance at constant DC and RF voltages. The exponential dependence is an important feature of the exchange-field-driven
ESR mechanism as mentioned in Section 2. In addition, the coherence time of the Ti spin on MgO can be obtained from the decay
constant of the Rabi oscillations, which is about 40 ns.

To improve the spin coherence time, the Ramsey fringes and spin echoes of Ti spins were measured[33]. The Ramsey measurement
consists of two 1/2 pulses separated by a time delay, where © represents a spin flip between |1) and ||). Since the RF frequency was
detuned, an interference fringes signal can be measured due to a phase accumulation between the two spin components with increasing
time delay. The decoherence time corresponding to the Ramsey fringes is about 40 ns, which is almost the same as the value obtained
from the Rabi oscillations. It is concluded that the decoherence due to the RF current and the slight variation of the Rabi oscillation
frequency resulting from the change of tip-atom distance is negligible[33]. The spin coherence time was extended by using a Hahn-
echo pulse sequence with an additional = pulse inserted between the two ©/2 pulses (Fig. 6¢). The pulse sequence decoupled the Ti spin
from slow magnetic noises. As shown in Fig. 6¢, the echo signal decays exponentially with pulse separation time, yielding a much
longer coherence time of ~ 190 ns. This indicates that one of the main decoherence sources of the Ti spin is the slow varying tip
magnetic field, in addition to the tunneling current and scattering electrons from the tip and substrate[33].

By placing two Ti atoms close to each other using STM manipulations, one can demonstrate two-qubit gate operations[33]. Dipolar
and exchange interaction between two Ti atoms in the spin-1/2 dimer produce a four-level energy spectrum (Fig. 6d), which can be
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Fig. 6. Coherent spin manipulations of single Ti atoms and Ti-Ti dimers. (a) Schematic of the experimental setup for pulsed-ESR measurements. The
RF and DC pulse sequences are applied on an Ti atom adsorbed on MgO/Ag(100). (b) Rabi oscillations of the Ti spin at different RF voltages. (c)
Hahn-echo signals of the Ti spin, yielding a coherence time of ~ 190 ns. (d) STM image and energy level diagram of one oxygen-site and one bridge-
site Ti atom on MgO. (e) CW-ESR spectrum of the Ti-Ti dimer. The two peaks correspond to the transitions marked in the right panel of (d). (f)
Pulsed-ESR measured on the oxygen-site Ti atom corresponding to the two transitions marked in the right panel of (d). Reprinted and adapted with
permission from Ref. [33]. Copyright 2019 American Association for the Advancement of Science.
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characterized by ESR-STM (Fig. 6e)[33,78]. The CW-ESR spectrum reveals two transitions, suggesting that spin-flipping of the target
spin can be manipulated by selective microwaves. By setting the RF frequency to one of the ESR transitions, the RF pulse flipped the
target spin (Ti atom under the tip) if and only if the control spin (nearby Ti atom) is in the spin-up or spin-down state, which can be
regarded as a realization of a two-qubit CNOT gate (Fig. 6f). We note that Phark et al. recently reported the observation of electro-
n-electron double resonance of two magnetically coupled Ti (S = %) atoms[95]. With the tip positioned on just one of the two spins,
either spin can be resonantly driven independently at its distinct resonant frequency by combining multiple RF signals into the
tunneling junction. This could enable the remote sensing of the spin dynamics with ESR-STM and potentially avoid the decoherence
due to the perturbation at the tunneling junction.

Coherent spin manipulations by pulsed-ESR can be extended to explore single molecular magnets on surfaces[34,92]. Compared to
magnetic atoms, molecular magnets can be tailored by their ligand structure and a molecular network provides a way toward scal-
ability. Using ESR-STM, Willke et al. demonstrated the coherent spin manipulation of single iron phthalocyanine (FePc) molecules on
the surface of bilayer MgO (Fig. 7a) and showed that the spin decoherence is weakly influenced by the intermolecular magnetic
coupling in molecules[34].

The FePc molecule on MgO was found to be a spin-1/2 anion system supported by DFT calculations and displays weakly anisotropic
g-factors[92]. The fast spin dynamics of a single FePc spin can be accessed by measuring the Rabi oscillations at the center of the
molecule (Fig. 7b)[34], which shows similar Rabi frequencies as well as the coherence time (~40 ns) as the Ti atoms on MgO[33].
Hahn-echo measurements performed on single FePc yielded a maximum coherence time of ~ 400 ns at a tunneling current of ~ 0.8 pA
[34]. This value is larger than that of the Ti atom on MgO measured at ~ 3 pA due to the much lower tunneling current since a
dominating decoherence channel for the surface spin is the scattering by electrons from the tunneling current.

In self-assembled FePc nanostructures, the random spin flip of a neighboring molecule could influence the spin coherence time of
the FePc under the STM tip. To study this effect, FePc molecules with different numbers of neighbors were measured by ESR-STM[34].
The FePc molecules are weakly coupled and their eigenstates can be approximated by the Zeeman product states[78], with the cor-
responding ESR spectra shown in Fig. 7c. Fig. 7d shows the Hahn-echo signal for FePc with different numbers of neighbors, and it is
found that the Hahn-echo coherence time only decreased slightly with increasing numbers of neighbors (Fig. 7e). This suggests the
possibility of building larger FePc arrays without affecting the coherence time of individual molecular spins.
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Fig. 7. Coherent spin manipulations of single FePc molecules. (a) Schematic of the experiment setup, the molecular configuration of FePc, and the
STM image of FePc on MgO. (b) Rabi oscillations of the FePc spin at different RF voltages. (c) ESR spectra of FePc molecules with different number of
neighbors. (d) Hahn-echo measurements on FePc with different numbers of neighbors. (e) Spin coherence time from Hahn-echo measurements and
the simulation results for FePc with different numbers of neighbors. Reprinted with permission from Ref. [34]. Copyright 2021 American Chem-
ical Society.
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3.5. Two-level system in a double-well potential

Besides the spin degree of freedom, other binary quantum levels may also serve as the building blocks of quantum devices. One
inventive example is the hydrogen molecule in an asymmetric double-well potential. As discussed previously, the molecule in a double-
well potential can switch between two conformational states. For a relatively heavy molecule such as MgPc or pyrrolidine, these two
states are often well separated in the reaction coordinate. The transition between them requires the excitation into an intermediate
state above the energy barrier, such as the ionized state for MgPc[27]. However, for a small molecule like hydrogen, quantum
tunneling can occur[96-98]. The wavefunction spreads out in both potential wells resulting in a set of orthogonal bases |a > and |b >
with an energy gap Ae co-defined by inter barrier tunneling rate Ay and the asymmetric energy of the two local minimum € as Ae =
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Fig. 8. Quantum sensing based on the coherent dynamics of the H; in a tunnel junction. (a) Schematic of the H, in an STM cavity illuminated by
paired THz pulses. (b) Energy profile of two conformational states of Hy, |a > and |b >. A\, A and € denote the energy gap between two states, the
inter-barrier tunneling rate, and the asymmetric energy of the two local minimum, respectively. (c) Topographic image of a CuyN island. (d) Zoom-
in image of the area indicated in (c). The red, yellow and blue dots are over the hollow, bridge and top sites of the Cu,N lattice respectively. (e) THz-
induced rectification current as a function of the delay time between two identical pulses. The three spectra were acquired over the positions of
corresponding colors in the top inset. The bottom inset shows the topographic image with Cu,N lattice overlaid. (f) Fourier transform of the
corresponding spectra in (e) unveil three distinct peaks. The inset shows the position-dependent decoherence time T, which is extracted by fitting
the spectra in (e). (g) Oscillation frequency of the THz-induced rectification current over the same position as a function of the tunneling gap. The
red curve is an exponential fit. (h) Oscillation frequency as a function the DC bias. Reprinted and adapted with permission from Ref. [44]. Copyright
2022 American Association for the Advancement of Science. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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v/ Ao? + €2 [99]. Such a two-level system exists without an external magnetic field and thus can potentially realize quantum gates in a
practical environment[100,101].

Very recently, Wang et al. fabricated a quantum sensor with a hydrogen molecule and used its spatial inhomogeneity in coherent
dynamics to visualize the atomic-scale variation in potential landscape (Fig. 8a)[44]. In this experiment, the asymmetric double-well
potential defined by the STM tip and the CuaN/Cu(1 10) substrate creates two quantum states, |a > and |b>, with a small Ae (Fig. 8b).
Weak-field (4.2 mV peak voltage), and high-repetition (1 GHz) THz pulses are used in the pump-probe measurement to trace the
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Fig. 9. Rabi cycle of PTCDA adsorbed on Au(111). (a) Schematic of the monolayer PTCDA on Au(111) illuminated by paired orthogonally
polarized NIR laser pulses, which differ in carrier frequency by f,. The top inset shows the structure of PTCDA while the bottom one demonstrates
the relative direction between the electric field of the two pulses and the tip axis. (b) The dI/dV spectrum and laser-induced tunneling current over
the monolayer PTCDA. (c) Schematic of the laser-induced electronic transition and tunneling at —1.8 V bias, where the HOMO of monolayer PTCDA
and the Fermi surface of the tip are aligned. The Au surface state and the HOMO of PTCDA are dipole coupled by the photon. (d) Left panel:
Tllustration of the Rabi oscillation between the Au surface state and HOMO of PTCDA, which is detected in a pump-probe scheme. Right panels: The
two spatial mappings of laser-induced current over the same area at two different delay time, 7, (0 fs) and 75 (1.2 fs), highlight the HOMO of PTCDA
and Au surface state respectively. (e) The population of HOMO of PTCDA and Au surface state as a function of the delay time. The solid lines are
experimental data while the dashed lines are fittings with a two-state model. (f) Schematic of the laser-induced electronic transition and tunneling at
—1.8 V bias, where the HOMO of 4-layered PTCDA and the Fermi surface of the tip are aligned. The blue and black arrow lines are one- and two-
photon processes, respectively. (g) Spatial mappings of the laser-induced current over the same area show the HOMO (top panel, 1.2 fs delay) and
LUMO (bottom panel, 0.8 fs delay) of 4-layered PTCDA, respectively. (h) The population of HOMO and LUMO of 4-layered PTCDA as a function of
the delay time. The solid lines are experimental data while the dashed lines are fittings with a two-state model. Reprinted with permission from
Ref. [35]. Copyright 2021 Springer Nature. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

12



L. Bietal Progress in Surface Science xxx (xxxx) xxx

quantum coherence of Hy. The pump pulse excites the transition of Hy between |a > and |b > through a Rabi process. We note that this
mechanism is different from the previous THz-STM measurements where the molecules are excited by electron tunneling driven by a
much stronger THz field (Figs. 1-2)[26,27]. Here, the transition between two states is triggered by the absorption of THz photon in
resonance with Ae. The probe pulse modulates the DC bias and induces a rectification current, which the authors showed to be
proportional to the second derivative of the DC tunneling current at a given sample bias. The amplitude of the rectification current
peaks correlates with a specific superposition of |a > and |b >. The time evolution of the rectification current exhibits a prominent
oscillatory feature, which was assigned as the Ramsey interference. The measured oscillation frequency at the three nearby high-
symmetry positions on the CuyN island shows an obvious frequency shift up to 58 GHz/A (Fig. 8c-f), even though the inelastic
tunneling spectroscopy spectra acquired at these locations are indistinguishable. The authors attributed this frequency shift to a
combined result of the spatial variation of the surface electric field and the change in the barrier height of the double-well potential.
This mechanism was supported by the measured oscillation frequency shift in response to the DC bias as well as the tip-substrate
separation. When the DC bias is increased at a fixed tip-substrate distance, the energy ¢ varies as a result of the Stark effect, lead-
ing to a change in the oscillation frequency (Fig. 8h). As the tip moves towards the substrate at a fixed bias, besides the increase of the
electric field, the decrease of the barrier height leads to a higher tunneling rate Ao, which further increases the oscillation frequency
(Fig. 8g). Based on the measurement, the authors obtained a surface electrostatic field of 43 mV/A pointing toward the surface and a ~
0.6 Debye difference between the molecular dipoles in |a > and |b >. Apart from the dominant frequency, some satellite peaks
resulting in the beating of the oscillation are routinely resolved (Fig. 8f), which was attributed to the degeneracy lift of the two-level
system by the tip asymmetry or lattice mismatch between CuaN and Cu(110). The decoherence time, another parameter directly
related to the coupling with the local environment also shows obvious spatial inhomogeneity (Fig. 8f). This study again showcases that
the quantum coherence of a two-level system is very sensitive to the atomic-scale local chemical environment.

3.6. Rabi cycle of molecular electronic states

Another example of a two-level system is the superposition of binary electronic states of a surface-adsorbed molecule. Garg et al.
studied the self-assembled mono/multi-layer perylene tetracarboxylic dianhydride (PTCDA) on Au(11 1) substrate and revealed the
quantum coherence of the binary electronic system consisting of either the HOMO and LUMO of PTCDA or the PTCDA HOMO and a
surface state of Au(111) (Fig. 9a)[35]. In the experiment, a W tip/PTCDA/Au(111) junction is illuminated with orthogonally
polarized ultrashort (<6 fs) broadband (~0.36 eV FWHM) NIR laser pulses pairs centered at 810 nm. One of the paired pulses is shifted
by a small frequency difference (f, ~ 800 Hz) with an acoustic-optic frequency shifter. The second-order effect-induced tunneling
current oscillating at f can be detected with a lock-in amplifier. Since the pulse interval is ~ 11 ns and shorter than the reported ~ 100
ns thermal fluctuation timescale[36], the authors expected that the tunnel junction views the laser pulses as a constant thermal load
and excluded the spurious signal from tip expansion and contraction. They kept the electric fields of the pump and probe pulses 45°/-
45° away from the tip so that the components of the electric fields in the sample plane can couple the electronic states through dipole
interaction. Given the selective enhancement of the electric field along the tip axis, there remains a concern that the orthogonality
between the polarization of pump and probe pulses may be broken at the junction and hence the interference of the enhanced field
parallel to the tip might contribute to the detected signal. The measured laser-induced tunneling current is proportional to the local
density of states, indicating that the photon-populated electronic states, either molecular orbitals or Au surface state, are the main
sources of the tunneling electrons at the corresponding bias (Fig. 9b). Nonetheless, the relatively large photo-induced current (~10 pA)
indicates that multiple electrons are excited by a single pulse, which is probably due to the hybridization among PTCDAs or with the Au
substrate. Since the photon energy of the laser in use is ~ 1.5 eV, the Au surface state (~-0.3 eV) and the HOMO of the PTCDA (~-1.8
eV) form a readily accessible two-level system by STM when the HOMO is aligned with the Fermi surface of the tip at —1.8 V sample
bias (Fig. 9¢). In the pump-probe measurement by applying a temporal delay between the two laser pulses, the authors mapped out the
relative weight of the two states with joint space-time resolution and found the populations of Au surface state and HOMO of the
PTCDA both oscillate with a period of ~ 2.7 fs but in the opposite phase (Fig. 9d-e). This oscillation frequency matches the energy
difference (1.5 eV) between the two states. The decoherence occurs as fast as ~ 5 fs which is extracted by fitting the time evolution of
the measured laser-induced tunneling current with a decaying oscillation curve. The fast decoherence was attributed to the scattering
with the underlying conduction electrons in the Au substrate. Rabi oscillation between the HOMO and LUMO of the PTCDA can also be
observed on the molecular multi-layers where the top-layer molecules are effectively decoupled from the Au substrate. A ~ 1.4 fs
oscillation is measured over the 4-layered PTCDA and was assigned as the HOMO-LUMO transition which has a larger energy gap
compared with the transition between HOMO and the Au surface state (Fig. 9f-h). However, it remains unclear why the measured
population of LUMO increases with time, which was tentatively attributed to the competition between one- and two-photon processes.
Although using molecular electronic states for quantum computation often faces a practical challenge: fast decoherence due to the
strong interactions with bath, the molecular-scale engineering, and characterization of quantum electronic coherence could provide
insights into how to prolong the lifetime of a molecular qubit by utilizing other degrees of freedom, such as the electron spin.

4. Summary and outlook

In this review, we have discussed the different means by which STM can integrate with electromagnetic excitation to investigate
quantum coherent phenomena. Atomic-scale characterization of the time evolution of quantum states enables the direct visualization
of the nature of quantum entanglement and superposition. Different wavelengths of electromagnetic sources including visible,

infrared, THz, and microwave are used to drive or manipulate atomic or molecular coherence. A series of quantum coherent processes,
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such as molecular vibration, electron transfer, localized surface plasmon, coherent phonon, electron spin resonance, and electronic
excitation are investigated with joint space-time resolution. These coherent phenomena cover a wide timescale from hundreds of
attoseconds to a few milliseconds. Different coupling effects between the atom or molecule and its chemical environment and their
corresponding influence on the decoherence dynamics can be separately characterized. The realization or promise of coherent
manipulation at a single molecule or atom level is demonstrated in some cases.

The THz-induced electron tunneling, perturbation to the local potential well, absorption of the infrared photon, or the stimulated
Raman process can drive the vibration excitation of different molecules including pentacene, phthalocyanine, and pyrrolidine. The
decoherence timescale depends sensitively on the substrates where the molecules adsorb, from hundreds of picoseconds on insulating
substrates to sub-picosecond on metal surfaces. Other minor changes in the local chemical environment, such as the interaction be-
tween two adjacent molecules in a cluster, or the long-range van der Waals interaction, also altered the coherence dynamics of the
molecule.

The highly enhanced and localized electric field generated at the STM tip apex under light illumination can also excite the collective
motion of electrons or nuclei near the sample surface. The electron oscillation (surface plasmon) often decays within a few femto-
seconds and serves as an intermediate step of photoexcitation. The nuclei motion (phonon), on the other hand, can be much longer
lived and frequently acts as the decay channel of other excited states. Investigation of the coherent surface plasmons and phonons has
provided insights into the generation and damping mechanism of many other quantum coherent phenomena.

The coherent vibration, phonon, and electron motion all represent the cross-correlation between a quantum state and an elec-
tromagnetic perturbation. They, from our point of view, do not target the entanglement of quantum states which is the essence of
quantum coherence. The investigation of binary quantum systems, on the other hand, has revealed properties related to the super-
position of two wavefunctions. A single hydrogen molecule trapped underneath the STM tip, the unpaired electron in an atom or
molecule in an external magnetic field, or two electronic states of a surface-adsorbed PTCDA molecule, are all examples of two-level
quantum systems. The resonant transition between the two levels occurs when the driving photon matches their energy difference. The
quantum entanglement can be manipulated by, for example, the Rabi or Ramsey process. For the hydrogen molecule in a double well
potential, the adsorption of THz photon drives its conformational switching between two local minimums. The energy profile of the
double-well potential changes as the hydrogen molecule moves with the STM tip, leading to a spatial variation of the temporal os-
cillations and decoherence in the superposition state. This demonstrates the capability of using a single molecule as a quantum sensor
to characterize the spatial inhomogeneity of the potential energy surface. Meanwhile, the discrete spin energy levels of magnetic atoms
or molecules can host a relatively long decoherence time of hundreds of nanoseconds, and thus are promising candidates to realize
qubit operations. The atomically confined magnetic interaction between the STM tip and surface can excite and modify the coherent
spin rotations of individual atoms or molecules on a surface. The pulse durations, sequencing, and intensity of the driving microwave
provide a series of tuning knobs to control the spin superposition, enabling a powerful suite of pulsed techniques for atomic-scale
magnetic sensing and simulation of magnetism in artificial magnetic nanostructures. Moreover, the creation of entangled electronic
states in surface-adsorbed PTCDA further shines a light on utilizing the discrete molecular energy levels to fabricate qubits.

Besides the abovementioned quantum coherent phenomena, there are still many unexplored territories. For example, circularly
polarized light can be utilized to manipulate the spin state of conducting electrons in semiconductors[40], which we anticipate being
extended into the surface-adsorbed atoms and molecules. This could potentially provide an all-optical approach to manipulating the
spin molecular qubits. Moreover, the oscillating electric field in resonance with a two-level system can split the energy levels through
the Autler-Townes effect, which has been reported in several systems[102-104], but not yet with STM. It would be interesting to study
how such an effect influences a single atom or molecule as well as its response to the variation in the local chemical environment.
Likewise, access to nuclear spin states can be readily obtained by directly measuring the nuclear hyperfine splitting using ESR-STM
[91,105]. An attractive but challenging goal for ESR-STM experiments would be to coherently control the spin states of a nucleus,
which could potentially be achieved by exploiting the nuclear hyperfine coupling to an unpaired electron and the relative ease with
which ESR-STM can probe and manipulate electron spins. In the context of quantum information science, the benefits of atomic-scale
access to nuclear spins are evident: nuclear spins generally have coherence times several orders of magnitude longer than electron
spins.

In summary, combining pulsed electromagnetic excitation with atomic-scale characterization presents an unprecedented oppor-
tunity to explore coherent physics and chemistry at the space-time limit. The research work covered in this review has demonstrated
the existence of a variety of coherent phenomena in atoms and molecules as well as the feasibility to characterize them with STM.
These studies have provided insights into the connection between decoherence dynamics and local environments, which could guide
the future design and application of practical quantum devices including qubits and quantum sensors. The measurements performed on
single atoms and molecules are expandable to atomic or molecular networks where quantum coherence holds the potential to revo-
lutionize communication efficiency. Although most of the existing studies are performed in extreme experimental conditions or on
exotic materials, we are optimistic about the future expansion to various practical systems such as biological molecules[106-111]. The
success of coherent manipulation in certain systems further shines a light on the atomic-level steering of the appropriate observable or
wavefunction from an initial state to the desired destination. We expect additional coherent manipulation approaches, such as the
pump-dump scheme in the time domain and the multi-photon interference in the frequency domain[10], will be soon integrated with
STM, which will be impactful in a broad range of research fields from synthetic chemistry to quantum information science.
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