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Direct Observation of Time-Dependent Coherent Chiral Tunneling Dynamics
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Superpositions of handed molecular states give rise to achiral eigenstates, delocalized across a double-

well potential via tunneling. A coherent superposition of these energy eigenstates could dynamically

relocalize the molecules into chiral states, which has only been addressed theoretically. Here, we present a

microwave pump-probe study to create and probe coherent chiral tunneling dynamics in a given rotational

state. Through a time-resolved scheme, we uncover the periodic time evolution of the induced chiral wave

packet under field-free conditions. Moreover, we demonstrate precise phase control of this coherence via

phase modulation during pump excitation.

DOI: 10.1103/PhysRevLett.134.123403

Introduction—Molecular chirality is a fascinating phe-
nomenon where a molecule can exist in left- and right-
handed forms that are mirror images of each other, also
known as enantiomers. Although enantiomers share nearly
identical physical properties, their nonsuperimposable
structures often lead to distinct chemical and biological
behaviors. Despite its widespread presence in our everyday
life, molecular chirality remains a field rich in unresolved
mysteries, such as its origin in physics and biological
homochirality [1,2]. In quantum theory, chiral molecules
are described as two localized chiral states in a double-well
system [3,4], as depicted in Fig. 1. The two potential wells
are identical, up to a possible very small energy difference
(AEpy) due to the parity-violation effect [5]. Governed by
the double-well potential, molecules may exist in nonsta-
tionary chiral configurations localized in one of the wells or
in stationary achiral states delocalized over both wells in
equal amounts [6,7]. The latter corresponds to a pair of
energy eigenstates with symmetric and antisymmetric
parity (]+)) under spatial inversion, resulting from the
tunneling of chiral states through the potential barrier
[1,3,4]. Nevertheless, the boundary between the
classical-like chiral states and quantum-mechanical
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superposition states are still unclear, which is commonly
referred to as Hund’s paradox [4,8].

Addressing such problems requires high-resolution spec-
troscopy and precise quantum control of molecular systems
using external fields. Based on the quantum superposition
principle, two stable enantiomers (R and S) can be prepared
as a quantum superposition with well-defined parity (|+))
through subtle matter-wave interactions, generating an
observable tunneling dynamics [10-12]. In turn, coherent
superposition of the vibrational-tunneling |+) eigenstates
will lead to coherent chiral tunneling within the double-
well potential [13—15]. This gives rise to a nonstationary
chiral wave packet, periodically oscillating at the tunneling
frequency under field-free conditions. However, it still
remains a challenging task to experimentally establish
the quantum conversion between chiral states and delocal-
ized superposition eigenstates [16].

Over the past decade, the microwave three-wave mixing
(M3WM) technique, a resonant, coherent, and nonlinear
approach, has demonstrated its robust capability in prepar-
ing coherent states for stable chiral molecules with enan-
tiomeric sensitivity [17-20]. This technique was later
adapted to create a coherent superposition of energy
eigenstates within the rotational states of transiently chiral
molecules [21]. In an earlier experiment using benzyl
alcohol as a model, an enantiomeric excess was induced
from the quantum racemic mixture, suggesting the suc-
cessful preparation of the coherent tunneling state [21].
However, a direct observation of its time-dependent
dynamics was not achieved due to its rate being faster
than the capabilities of the experimental setup.

Herein, we demonstrated a pump-probe experiment
using a quantum racemic mixture of 3-fluorobenzyl alco-
hol, revealing the field-free time evolution of the nonsta-
tionary chiral wave packet arising from coherent tunneling.
The experiment begins with a pump cycle that prepares a
coherent superposition of the |1) eigenstates in a chosen
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FIG. 1. Double-well potential of 3-fluorobenzyl alcohol.
Molecular geometries of R- and S-3-fluorobenzyl alcohol are
shown in their inertial principal axis systems. The |R) and |S)
states represent the localized right- and left-handed chiral states,
whereas the |£) states denote achiral energy eigenstates with
opposite parity in the vibronic ground state. The energy differ-
ence e, = hv, between the |£) states in the Jx g = Op state of
3-fluorobenzyl alcohol, expressed through the tunneling fre-
quency v., has been experimentally determined to be v, =
0.818(12) MHz [9]. Accordingly, the transfer time from one
chiral form to the other form is 1/(2v, ), that is, 0.611 ps.

rotational level, driven by a combination of two- and one-
photon excitations. Although the resulting dynamically
localized chiral wave packet is nonobservable due to the
forbidden nature of the |+) <> |—) transition, it produces a
macroscopic enantiomeric excess, which can be detected
by a subsequent probe cycle. Two probing subcycles are
simultaneously driven to induce polarizations at two listen
transitions. The observed time-domain listen signal exhibits
interference beats in the form of a free induction decay
(FID). By varying the time delay between the pump and
probe cycles, we capture the time evolution of these beats
under field-free conditions, offering direct observation of
the time-dependent coherent chiral tunneling dynamics in
the target state. Additionally, we demonstrate that phase
modulation during the pump excitation allows precise
control over the phase of the induced coherent tunneling.

Theory—As can be seen in Fig. 1, the tunneling motion
in 3-fluorobenzyl alcohol arises from a concerted rotation
of the CH,OH and OH groups, transferring one enantiomer
into the other enantiomeric form. This large-amplitude
motion (LAM) is hindered by a barrier of 1.9 kJ/mol,
resulting in a tunneling frequency of v = 0.818(12) MHz
[9]. Thus, 3-fluorobenzyl alcohol exists in the achiral
superposition eigenstates, whereas the right- and left-
handed chiral states are nonstationary. Because of the

selection rules, direct excitation between the eigenstates
of opposite parity (|+) <> |—)) is dipole forbidden within
the same rotational level. But even if possible, a one-photon
excitation cannot create a chiral ensemble, but only a
racemic mixture [22]. To create a macroscopic ensemble of
coherently superposed |+) states, a microwave excitation
scheme, adapted from the M3WM approach, is proposed,
as presented in Fig. 2(a).

In the level diagram, each state is labeled with the
rotational level |/ g ) and the associated parity &, with J
being the total angular momentum quantum number, and
K, and K. being projections of this momentum onto the
a- and c-principal axes in the molecular frame. As the
tunneling motion inverts the electric dipole-moment com-
ponent along the c-principal axis, p.-type rotational tran-
sitions (f; and f} ) are allowed between tunneling substates
of opposite parity (fF: |[+) = |-) and f*: |=) = |+)),
which are called interstate transitions. The frequency
difference of the two interstate transition components is
approximately Av = 2¢,/h, which is 1.64 MHz in this
system. On the other hand, y,- and p,-type transitions
(f» — fs) are only allowed for intrastate transitions
(|4+) = |[+) and |-) — |-)). The splittings of intrastate
transitions are small for 3-fluorobenzyl alcohol, so each
tunneling doublet can be simultaneously excited using the
same frequency.

Starting from a y,-type transition f, molecules initially
populating the |0,) state are excited to |15,) and |1, ) states,

.
following the two-photon (|0g,) Lﬁ 170) LN [15,)) and one-

photon (|0§0>£> |14,)) pathways [Fig. 2(a)], respectively.
The two-path excitation creates a coherent superposition of
the |+) eigenstates in the |1, ) rotational level, even though
one-photon excitation is strictly forbidden. Disregarding the
absolute phase of this superposition, the initial state of the
induced coherence in |1y;) can be described as

_ L

¥(r=0) 5

(|1§1> +exp(i¢)|151>), (1)

5

where [137) = (1/V2)(IRy,) £ [Sy,,)) with [R) and
|S,,) being the nonstationary wave functions of R and §
enantiomer in the |1y;) state and ¢ is the pulse-controlled
initial phase of the wave packet. This initial state corre-
sponds to a chiral wave packet localized in one of the
potential wells, which subsequently undergoes field-free
time evolution governed by the LAM tunneling motion.
Again, as the |1;;) <> |1;) transition is dipole forbidden,
this tunneling coherence cannot be spectroscopically
probed.

Instead, the chiral wave packet produces a macroscopic
enantiomeric excess (ee) in the |ly) state [21]. The
resulting ee follows the same time-dependent dynamics
as the nonstationary chiral wave packet,
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FIG.2. Level scheme and experimental setup for the pump-probe measurement. (a) Pump-probe level diagram starting from the |0;)
rotational state, with the pulse sequence shown below. The energy levels are marked with the rotational state |Jx x ) and the
superposition parity +. The M degeneracy of rotational levels is omitted for clarity. Intrastate transitions are denoted using f;, where
tunneling doublets can be excited using the same frequency, while the interstate transition components are labeled explicitly with
fi/fi. For each transition, the corresponding dipole-moment component in the molecular frame and the polarization direction of the
microwave field in the laboratory frame are indicated using u,||[E4 (@ = a, b, ¢; f = x, y, 2). In both pump and probe cycles, excitations
of the three types of transitions take place in mutually orthogonal polarization directions. (b) Schematic of the Fourier transform
microwave spectrometer COMPACT used in this Letter. See Supplemental Material Sec. IIB for detailed demonstration and

abbreviations [23].

|ee|

016, () x=sin(@m)sin( %) sin( 252

-sin(2zvit+ ¢ —pr— 3+ D), (2)

where the ée operator for the |1;) state can be expressed
as [21]

eey, = Ry, ) (R, | = 181,) (S1,,| = [1g1) (Agr | + 1157) (153 -

(3)

where €, 7;, and ¢, denote the Rabi frequency, duration,
and starting phase of the kth microwave pulse in the
scheme, @ represents the accumulated phase throughout
the excitation process, v is the tunneling frequency in the
[1o;) state, and 7 is the time.

As described in Eq. (2), this ee observable oscillates at
the tunneling frequency (v) under field-free conditions,
with a constant amplitude proportional to |ee|. The time
evolution of ee can thus be monitored through a chiral-
sensitive probe cycle, in which two microwave excitations
(f4 and f5) and an indirectly induced listen transition
(fi or fi7), combined with the tunneling coherence, create
a closed loop. In particular, as f, and f5 are associated with
intrastate transitions, two probing subcycles can be simul-
taneously driven, sensing the same tunneling coherence
from opposite directions. At the two p.-type interstate
listen transitions, the signal phases should be linearly
dependent on the tunneling coherence oscillation
(2zv.t), while the amplitudes are proportional to |ee|.

The detailed theoretical derivations are provided in
Supplemental Material Sec. I B [23]. In addition, following
the pump-probe excitation, the entire process exhibits
exponential decay, mainly driven by collisional relaxation
and the Doppler effect, though not explicitly demonstrated
for clarity.

Experiment—The experiments are performed with an
adapted broadband chirped-pulse Fourier transform micro-
wave spectrometer, as shown in Fig. 2(b). The principles
and the modifications of the spectrometer have been
described in detail elsewhere [21,26]. A brief description
is provided here. The spectrometer is equipped with a two-
channel arbitrary waveform generator (AWG) with a
maximum sampling rate of 24 GSa/s, which is capable
of generating microwave pulses below 6 GHz in a two-
channel mode. Microwave pulses produced from the same
AWG channel can be further divided by a single-pole
double-throw (SPDT) PIN diode switch with nanosecond
switching capability. In this way, microwave pulses can be
separately fed into dedicated amplifiers for power ampli-
fication and broadcast into the spectrometer chamber in
designated polarization directions (Ey, Ey. E,). The latter
is achieved through two dual-polarization horn antennas
oriented perpendicularly to each other.

In this study, 3-fluorobenzyl alcohol is employed as the
molecular model. The sample is commercially available
from Fisher Scientific with a chemical purity of 98% and
used without further purification. The liquid sample is held
in a home-built heatable reservoir, which is integrated into
the solenoid nozzle valve (General Valve Series 9) and
maintained at 100 °C. The diameter of the orifice is I mm.
The sample vapor is diluted into neon carrier gas at a
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backing pressure of 3 bar and supersonically expanded into
the vacuum chamber perpendicular to the propagation
directions of the microwave radiation. The background
pressure in the vacuum chamber is approximately
107% mbar, and the solenoid valve is operated at 8 Hz.
Molecules in the jet expansion are cooled down to a
rotational temperature (7)) of about 1 K. In the interaction
region, the transmitted microwave pulse sequence con-
secutively polarizes these molecules 8 times. Following
each interaction sequence, the decay of the macroscopic
polarization of the molecular ensemble is collected by a
dual-polarization receiver horn facing one of the drive
horns. The FID signals are recorded for a duration of 40 ps
and averaged on a fast digital oscilloscope, which is
used for further data processing. This provides sufficient
time resolution to unveil the tunneling dynamics of
3-fluorobenzyl alcohol.

Results—Prior to the pump-probe experiments, the
excitation microwave pulses are individually optimized
by measuring Rabi cycles as a function of pulse duration.
More details can be found in Supplemental Material
Sec. IIC [23]. In general, a Rabi z/2 pulse can evenly
distribute the population in a two-level system, achieving
maximum coherence between the states. In contrast, a =
pulse inverts the population between the two levels, which
can be applied to transfer prepared coherence in a three-
level system [27]. Ideally, /T and f, should be /2 pulses,
whereas f5,, f3, and f5 should be 7z pulses. However, in this
scheme, fT and f3 are optimized to near z/2 conditions, to
minimize the off-resonance excitation of the f7* transition
and the population inversion between the |15;) and |Op,)
states, respectively. The applied pulse conditions are
summarized in Supplemental Material Table S2 [23].

Accordingly, the microwave pulse sequence is con-
structed for the pump-probe experiments, as shown in
Fig. 2(a). As the tunneling period of 3-fluorobenzyl alcohol
in state |14;) is approximately 1.2 ps, the entire probe cycle
is shifted in our experiments by 0-1.3 ps in 0.1 ps steps
relative to the pump cycle, while the durations and phases
of all microwave pulses remain fixed. Figure 3 displays the
first 1.6 ps of the time-domain FID signals recorded at each
delay time (z,,). Owing to the similar frequencies of fi
and ff , the FID traces exhibit clear interference beats, with
a carrier-wave frequency of (ff + f{)/2 and a beat
frequency of (fi —f[)/2. A complete cycle of the
interference consists of two beats, each arising from an
enantiomeric excess of opposite handedness, respectively.
For clarity, these beats are highlighted in different colors.
As the delay time varies, the beating signals exhibit clear
shifts, highlighting the nonstationary nature of the localized
wave packet in the |1, ) rotational level. This periodic time
evolution shows good consistency with the tunneling
period of 3-fluorobenzyl alcohol.

After applying a fast Fourier transformation, the
obtained intensities and phases at the listen transitions
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FIG. 3. Time evolution of the beating listen signals. The first
1.6 ps of the filtered experimental FID signals are shown at
different pump-probe delays, with the delay time (z,,) indicated
in the upper left corner. The y axis ranges from —4 to 4 nV. The
original data are filtered at the listen frequencies (f: 6385.55
and f[: 6387.18 MHz) using a bandpass Butterworth filter (6th
order) with a bandwidth of 60 kHz. The neighboring beats are
highlighted in red and blue to indicate the sign change of the
cosine-shaped beat envelopes. Note that the carrier frequency of
the beats is 6385.365 MHz, which is well captured on the fast
oscilloscope at a sampling rate of 25 GSa/s, but too fast to be
visible here due to the plotted timescale.

are presented in Fig. 4(a). Considering the signal fluc-
tuation over the long measurement time and the interfer-
ence from a counterpart pump cycle starting from |0;), the
observed intensities indicate that the amplitudes of the
listen transitions are relatively stable. The corresponding
phases exhibit linear correlations with the delay time—
negative for fi and positive for f], as the two subcycles
probe the tunneling coherence from opposite directions. Both
the intensity and phase behaviors are consistent with the
theoretical model.

Linear least-squares fits are performed on the phase
results of fi- and f1", respectively [Fig. 4(a)]. For both fits,
the R-squared values (R?) are higher than 0.99, suggesting
nearly perfect linear correlations between the phase evo-
lution and the time delay. The absolute values of the slopes
|kiF| and |k{ | represent the tunneling frequency in radians
(27v..) detected by each probing subcycle. The two fitted
tunneling frequencies deviate almost symmetrically from
the spectroscopically determined value (27 x 0.82 MHz)
by approximately 5%. This deviation can be attributed to
the perturbation of the other cycle starting from the |0g,)
state, similar to what was observed in Ref. [28]. A detailed
demonstration is provided in Supplemental Material
Sec. II D [23]. By averaging these two slopes, the tunneling
frequency from this time-resolved pump-probe experiment
is estimated to be 0.827(15) MHz, precisely matching
the spectroscopically determined values of 0.82 MHz,
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FIG. 4. Results of the microwave pump-probe experiments. (a),
(b) The intensities (/1) and phases (¢; ) at the listen transitions,
S (6385.55 MHz) and f{ (6387.18 MHz), as a function of time
delay (7,,, in microseconds) and phase of the f, pulse (¢, in
radians), respectively. The scatter points display the experimental
results. Each point is averaged from 5 x 10° FID acquisitions,
which takes about 2.2 h. The colored lines represent the linear fits
on the phase results of f and f;7, with the slopes (k) and R-
squared values (R?) provided.

which falls in the frequency accuracy (10 kHz) of our
spectrometer.

Furthermore, the phase of the coherent superposition of
the |+) eigenstates can be finely modulated using the
phases of the three pump pulses (¢;, ¢,, and ¢3). This
allows for precise control over the positioning of the
induced chiral wave packet [¥(¢)] within the double-well
potential. To examine this, a phase-controlled pump-probe
experiment is conducted, where the phase of the f, pulse
(¢,) is scanned from O to 2z in steps of z/6 rad, without
applying a delay time between the pump and probe cycles.
According to Eq. (2), constant amplitudes and linear ¢,-
phase dependence are expected for the listen transitions (fi
and f77), similar to the time-resolved pump-probe experi-
ment [Fig. 4(a)]. The experimental results are provided in
Fig. 4(b), in convincing agreement with the expectations.
The phases are linearly fitted with the slope constrained to
=+1. The R? values, close to 0.99, confirm the linear phase-
phase correlation. As the ¢, and 2zv,t terms in Eq. (2)
have opposite signs, the observed phase-phase and phase-
delay correlations exhibit opposite trends for the same
listen transition. By utilizing phase control, the chiral wave
packet can be readily prepared at various coherence phases
for further advanced experiments, such as enantiomer-
selective excitation, without the need to adjust experimental
timing.

Discussion—Time-dependent ~ coherent  tunneling
dynamics had, until now, solely been addressed theoreti-
cally. Our proof-of-concept experiment offers direct evi-
dence to the theory model, exemplifying wave-particle
duality and the superposition principle at the molecular
level. Compared to the previously studied benzyl alcohol,
which has a tunneling frequency of about 493 MHz [21],
the relatively slow tunneling motion in 3-fluorobenzyl

alcohol with a frequency of 0.8 MHz offers two key
advantages. First, it enables the simultaneous excitation
of two probing subcycles, producing a listen signal in the
form of frequency beats. Second, the sub-MHz tunneling
motion is well suited to the present sampling rate and
duration of the FID. Therefore, the evolution of the beating
signal is clearly observed on a microsecond timescale in the
time domain. Each beat in Fig. 3 can be considered to be a
M3WM signal from a localized state of a given chirality;
thus, the observed oscillating signal originates from the
field-free time-dependent coherent chiral tunneling dynam-
ics in the target rotational state.

It is important to note that the coherent superposition of
the |+) eigenstates, driven by the pump cycle, can be
applied universally to all tunneling molecules, regardless of
the tunneling frequency and the coherence readout scheme.
For fast-tunneling chiral molecules like benzyl alcohol, the
increased frequency differences between tunneling compo-
nents lead to better separation of subcycles in the scheme,
reducing the interference between them and thus improving
the efficiency of coherent state preparation. However, it
also complicates the observation of coherent tunneling
dynamics through time-domain frequency beats, as simul-
taneous excitation of both probing subcycles becomes
impractical. Alternatively, the linear phase-delay depend-
ence can be generally applied to monitor these dynamics, as
shown in Fig. 4(a).

This study, which uncovers tunneling dynamics in a pure
rotational state within the ground vibronic state, serves as a
streamlined analog to previous computational investiga-
tions of pure vibrational and rotational-vibrational model
systems [1,13,29]. Our results lay the groundwork for
future experimental exploration involving both vibrational
and rotational degrees of freedom with coherent laser fields.
By employing tailored microwave fields, this coherent
approach can be further extended to control the tunneling
dynamics, achieving coherent inhibition and enhancement
of tunneling. Through the coherent inhibition strategy,
similar with coherent destruction of tunneling in laser
physics [15], the induced dynamically localized chiral
wave packet can be selectively confined within one of
the potential wells, enabling a complete transition from
delocalized |+) eigenstates to localized chiral states |R)
or |S). This may open the door to resolving Hund’s paradox
[3.4]. The controllable, time-dependent quantum dynamics
also finds its application in examining chiral molecular
systems for perturbation effects from parity violation,
exploring the symmetry of space and time and its violation
in chiral molecules, particularly in cases where AEpy is
expected to be significantly larger than AE, [30-32].
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