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CHEMICAL PHYSICS

Femtosecond symmetry breaking and coherent
relaxation of methane cations via x-ray spectroscopy

Enrico Ridente®?, Diptarka Hait"?t1, Eric A. Haugen'?, Andrew D. Ross"2§, Daniel M. Neumark'?,

Martin Head-Gordon"?, Stephen R. Leone'?3*

Understanding the relaxation pathways of photoexcited molecules is essential to gain atomistic-level
insight into photochemistry. We performed a time-resolved study of ultrafast molecular symmetry
breaking through geometric relaxation (Jahn-Teller distortion) on the methane cation. Attosecond
transient absorption spectroscopy with soft x-rays at the carbon K-edge revealed that the distortion
occurred within 10 + 2 femtoseconds after few-femtosecond strong-field ionization of methane. The
distortion activated coherent oscillations in the asymmetric scissoring vibrational mode of the
symmetry-broken cation, which were detected in the x-ray signal. These oscillations were damped within
58 + 13 femtoseconds because vibrational coherence was lost with the energy redistributing into
lower-frequency vibrational modes. This study completely reconstructs the molecular relaxation
dynamics of this prototypical example and opens avenues for exploring complex systems.

hemical reactions arise from the motion

of atomic nuclei. Atomic displacements

can be described in terms of either fluc-

tuations about a local minimum of energy

or relaxation toward such a minimum
from a nonequilibrium configuration. The latter
often results from interaction with light because
photon absorption can lead to excited electronic
states with minimum energy geometries quite
distinct from the initial starting point. The
nonequilibrium configurations arising from
light-matter interaction thus can have sub-
stantial surplus potential energy, which can
drive chemical transformations. Therefore,
intramolecular relaxation dynamics of photo-
excited molecules are of fundamental photo-
chemical interest.

Jahn-Teller (JT) distortion (7, 2) is a special
type of relaxation mechanism that spontane-
ously reduces the spatial symmetry of non-
linear molecules in degenerate electronic
states. Molecular geometries where multiple
electronic states are isoenergetic are not sta-
ble for any of the associated states (Z) and
represent a fundamental breakdown of the
Born-Oppenheimer approximation (3). It there-
fore becomes energetically favorable to under-
go distortions that lift the degeneracy by
breaking spatial symmetry. JT distortions are
ubiquitous in solids (4) and gas-phase mol-
ecules (5). In this work, we used attosecond
x-ray transient absorption spectroscopy (XTAS)
to study symmetry breaking of the methane
cation (CH,") generated through vertical
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strong-field ionization (SFI). This work un-
equivocally revealed the role and timescale of
JT-induced dynamics experimentally and pro-
vided an understanding of relaxation mecha-
nisms in molecular systems.

CH," is a classic system in which JT dis-
tortions occur (6-9). The process starts with
CH,, which is the smallest stable molecule
with tetrahedral (T4) geometry. The equilibrium
C-H bond distances are 1.087 A (10), and all of
the H-C-H bond angles are ~109.5° because of
T4 symmetry. The ground-state molecular
orbitals (MOs) are shown in Fig. 1A, and the
electronic configuration of neutral CH, is
1a,22a,%1t,° (*A,). The electronic ground-state
configuration of CH," at the T4 geometry is
1a;22a,%1t,%, which is triply degenerate (>T,)
because each of the three 1t, orbitals is equally
likely to be singly occupied. Therefore, CH,*
undergoes JT distortion away from the Ty
geometry to a lower symmetry C,, form (7, 17-14,).
This JT distortion involves t, and e symmetry
vibrational modes of CH,, making CH,* the
simplest Ty ® (t, + €) JT problem (I5). The
resulting C,, equilibrium structure was com-
puted to have two long (1.187 A) and two
short (1.083 A) C-H bonds (Fig. 1A), which
indicates antisymmetric stretching (t, symmetry)
relative to neutral CH,. The angle formed by
the long C-H bonds is 55.0° and the short
bonds form an angle of 125.7°, representing
considerable deviations from the initial T4
geometry through bending motions (of t, and
e symmetry in CH,). These distortions lower
the energy of the doubly occupied 3a; and 1b;
MOs (Fig. 1A) but also destabilize the 1b, singly
occupied MO (SOMO). The electronic ground
state of CH,* therefore is *B, (J2).

Molecular JT-distorted forms, and CH," in
particular, have been extensively studied both
theoretically (15-18) and experimentally (6, 19).
Experimentally, time resolving the JT distor-
tion in CH," remained an open challenge
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process. JT-distorted species have been che...c
terized in photoelectron spectroscopy experi-
ments (6, 20), but such measurements lack
the temporal resolution to obtain the femto-
second timescale dynamics of symmetry break-
ing. Baker et al. (21) used attosecond-resolution
high-harmonic emission spectroscopy to report
on the onset of the JT distortions in CH," and
deuterated CD," up to the first 1.6 fs. The nu-
clear motion in those experiments, however,
cannot be reconstructed at longer times, which
precludes a complete analysis of the JT rela-
xation process and subsequent coherent mo-
tion. Coulomb explosion experiments by
Li et al. (22) probed the dynamics of CH,*
by recording the photofragments after inter-
action with two time-delayed strong-field
800-nm pulses, but temporal resolution was
limited by the 25-fs pulses used as pump and
probe. Furthermore, their use of a multicycle
pump pulse led to several additional photo-
products from higher-energy fragmentation
pathways that compete with JT distortions.
It has been shown that the use of shorter, few-
cycle 800-nm pulses increased the relative
amount of CH," by suppressing additional pro-
duct channels (23).

XTAS, based on attosecond- and few-
femtosecond-duration soft x-ray pulses gener-
ated through high-harmonic generation (24),
has been successfully used to study ultrafast
molecular relaxation processes with high
structural and temporal resolution (25, 26).
XTAS at the carbon K-edge is therefore an
ideal platform to observe few-femtosecond
timescale dynamics such as those associated
with the JT distortion of CH," (27, 28). The x-ray
probe excites C 1s electrons to unoccupied
levels, such as the SOMO, or completely un-
occupied antibonding or Rydberg levels. In
particular, the dipole-allowed 1s — SOMO
signal in CH," is expected to be energetically
well resolved from other features. Geometric
changes as a result of JT distortion will
strongly affect the SOMO energy, which can be
traced by XTAS with few-femtosecond time
resolution.

In this work, we report a joint experimental
and theoretical study of the symmetry-breaking
JT dynamics of CH,*. The cations were pro-
duced from neutral methane through abrupt,
few-femtosecond SFI of CH, with an 800-nm,
few-cycle pump pulse generated by a table-top
Ti:sapphire laser. The induced dynamics were
then probed with XTAS using high-harmonic-
generated soft x-ray pulses at the C K-edge
obtained with a 1300-nm source (24). The non-
perturbative nature of SFI leads to an ionization
window that is temporally much narrower
than the 5-fs width of the pump pulse (29). We
observed a substantial energy shift in the XTAS
signal immediately upon ionization because of
JT distortion. The C,, minimum geometry was
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Fig. 1. XTAS measurements of CH,* dynamics. (A) Schematic of the pump-
probe process. Pump-induced SFI produces T4 symmetry CH4*, which undergoes
JT distortion toward a C,, minimum. MOs for both structures are also shown
(energies not to scale). The 1a; orbital is the C 1s core-level, and the remainder
are oc.4 bonding orbitals. The dynamics are mapped by the 1s — SOMO probe

attained within =10 fs, which was followed by
two coherent oscillations in the signal that
revealed large-amplitude scissoring motion.
These coherent oscillations were damped out
by =60 fs, indicating vibrational dephasing and
eventual decoherence. The behavior of fully
deuterated methane cations (CD,") was also
investigated to understand the effect of sub-
stituent masses on the JT dynamics.

General features of XTAS signal

CH, has a simple ground-state x-ray absorp-
tion spectrum (Fig. 1B). There is only one pro-
minent peak (288 eV), which arises from the
1s — 3p Rydberg excitation (30). No other
noteworthy pre-edge features were observed,
and 1s ionization occurred at =290.8 eV (31).

Figure 1C shows the experimental carbon
K-edge XTAS spectrum for CH," up to 35 fs
after the pump pulse abruptly ionizes the
molecule at time ¢ = 0. The intensity of the
pump beam was 3 x 10™* W/em?, which gener-
ated sufficient CH," without substantial photo-
dissociation, as discussed in the supplementary
materials. Previous investigations have con-
firmed that the major photoproduct for an
800-nm pump pulse of similar intensity and
pulse duration is CH," (32). The negative (blue)
transient signal (feature IV) corresponds to the
depletion of neutral CH, and can be more
clearly observed at higher values of the pump
power (see the supplementary materials). At
t = 0, other prominent features were the po-
sitive (red) signals at 278 to 282 eV (I), 284 eV
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(IT), 287 eV (III), and 290 to 292 eV (V). The
broad features II, III, and V had substantial
temporal overlap with the pump pulse and
could be attributed to the Stark effect of the
pump pulse on core-excitation energies of
CH, (supplementary materials). Their tem-
poral width is longer than the pump pulse
because the Stark shift in XTAS measurements
is proportional to the cross-correlation and
timing jitter between pump and probe. After
t = 0, a positive feature at =287.5 eV could be
observed. This feature arose because of Raman
activation of the symmetric stretch vibrational
mode of CH,, by the pump pulse (supplemen-
tary materials), like the behavior that has been
observed in other molecules (33, 34).

Feature I was assigned to CH, " on the basis
of orbital-optimized density functional theory
(OO-DFT) calculations (35) that revealed that
this feature corresponded to the 1s — SOMO
excitation of nonequilibrium Ty CH,*. OO-DFT
indicated that other core-level excitations of
CH," (such as 1s — ¢* or the Rydberg levels)
were above 288 €V in energy (supplementary
materials). Feature VI in Fig. 1C corresponds
to such excitations and could be observed at
long times. However, feature VI did not show
discernible time evolution. Conversely, feature I
was well separated from all the other features
and was particularly sensitive to changes in mo-
lecular geometry as the SOMO is of oy char-
acter. The time evolution of this signal was the
clearest reporter of the dynamics of CH,", and
the analysis below therefore focuses on it.
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transition induced by a time-delayed (At) soft x-ray probe. (B) Ground-state
carbon K-edge x-ray absorption spectrum for CHy. (C) Transient x-ray
absorption at At < 35 fs. Negative time indicates probe preceding pump. The
low-energy signal (278 to 282 eV) corresponds to the 1s — SOMO probe
transition, which indicates that the C,, minimum is reached by =10 fs.

Relaxation dynamics of CH,*

The long-time experimental XTAS of the JT
feature corresponding to the 1s — SOMO tran-
sition is given in Fig. 2A. The energetic average
(henceforth abbreviated as CM1, for the first
central moment) of the differential absorption
[change in milli-optical density (AmOD)] signal
(solid black line) showed three main charac-
teristics. A rapid blue shift in energy from 278 eV
(att = 0) to =282 €V (at ¢ ~ 18 fs) was followed
by damped oscillations until ¢ = 60 fs and
subsequently an almost time-independent sig-
nal between 281 and 281.5 eV. The width of the
spectral feature increased considerably starting
around ¢ = 10 fs, leading to a very broad signal
at longer times.

We interpreted the behavior of this signal
using quasiclassical ab initio molecular dyna-
mics (AIMD) (36) trajectories on CH,". Figure
2B shows the XTAS signal computed using
OO-DFT from 255 AIMD trajectory geometries
at different time points, revealing good agree-
ment with the experimental results. This
comparison indicates that the trajectories under-
lying the spectrum are a good reporter of the
molecular dynamics under the experimental
conditions. It is worth noting that all of the
AIMD calculations were performed on the elec-
tronic ground state of CH," (i.e., were adia-
batic). Nonadiabatic effects from higher-energy
electronic states of CH," could potentially
contribute to the small differences between
experiment and theory, but the experimental
evidence suggests that the system is always in
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the ground electronic state under experimen-
tal conditions (supplementary materials). In
general, no explicit signature of nonadiaba-
ticity was observed in the experimental spec-
trum, as made evident by the good agreement
between Fig. 2, A and B. The potential role of
nonadiabatic effects on other aspects related
to the JT distortion of CH, has been considered
elsewhere (9, 15-18).

The timescale for the JT process can be di-
rectly estimated by the time taken by the CM1
to attain the 281.5-eV value that we associate
with the C,, form of CH,". This value was
chosen because it corresponds to the asymp-
totic long-time limit of the experimental signal
CM1, and this value was also estimated by
OO-DFT to be the upper bound for the 1s —
SOMO excitation of CH," at the Cy, equilibrium
geometry (supplementary materials). This value
was measured at 10 + 2 fs from experiment
by fitting an error function to the first 20 fs of
the 1s — SOMO feature (supplementary mate-
rials). OO-DFT calculations find this time to
be 9.4 + 0.3 fs, confirming that JT relaxation
occurs on a timescale associated with high-
frequency vibrational motion.

In general, the time evolution of the signal
corresponds to atomic motions associated with
the relaxation process, with the oscillatory
patterns suggesting involvement of vibrational
modes of CH,". This evolution could be anal-
yzed further using a Fourier transform (FT) of
the CM1 position from both theory and experi-
ment (Fig. 2C). Even though the FT features
were broad owing to the rapid decay in the os-
cillation amplitude, it was possible to identify
critical frequencies. The most intense peak in
the FT was at 1200 cm ", a frequency that
corresponded to a computed normal mode
of the C,, minimum associated with scissoring
about the H-C-H bond angles. This mode is an
asymmetric scissoring mode (supplementary
materials), where the scissoring motion about
the smallest bond angle (i.e., the angle be-
tween the two long C-H bonds) is opposite in
direction to the scissoring motion about the
largest bond angle (i.e., the angle between the
two short C-H bonds). However, caution must
be taken in interpreting the FT features in
terms of the fundamental frequencies of the Cy,
minimum; the CH,"* ground-state surface has
12 distinct C,, minima (37) and multiple seams
corresponding to electronic state degeneracies,
resulting in a highly anharmonic potential
energy surface (PES). The FT is nonetheless an
indication of several molecular motions that
affect the signal and the associated timescales.
The damping rate for the 1200 cm ™ frequency
could also be estimated by fitting to the time
domain experimental CM1 (Fig. 2D), revealing
a lifetime of 58 + 13 fs for the oscillations.

We used the AIMD trajectories to uncover
the origins of the signal oscillations in the x-ray
spectra. The trajectories indicated that the C-H
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Fig. 2. Time evolution of the 1s — SOMO transition of CH,*. (A) Experimental XTAS for the 1s — SOMO
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transition of CH,", with the first central moment (CM1) shown with the solid black line. The dotted black lines
indicate the asymptotic long-time signal CM1 (2815 €V), which corresponds to the vibrationally hot C,, cation
generated by the experiment, and at what time this energy is first reached (10 fs, JT timescale). (B) Theoretical
XTAS for the same excitation. (C) FT of the CML from experiment (solid line) and theory (dashed line). The

theoretical intensities have been uniformly scaled to match experiment for peak absorbance. (D) Experimental CM1 fit

with —e™* x cos(et), with @ = 1200 cm™, indicating a damping lifetime of © = 58 + 13 s for the vibrational dephasing.
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Fig. 3. Role of the smallest H-C-H angle on XTAS signal. (A) Time evolution of the smallest bond angle
over the trajectories. (B) Correlation between the computed 1s — SOMO excitation energies versus the smallest
bond angle of the corresponding structures. (C) Evolution of the SOMO with change in the smallest bond angle.
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Fig. 4. Comparison between CD,* and CH,*. (A) Experimental
XTAS of the 1s — SOMO transition of CD,", with the CM1 as the solid
black line. The dotted lines indicate when the JT equilibrium energy
is reached for the first time. (B) Theoretical XTAS for the same
excitation. (C) Comparison of the CM1 for CH," and CD," from
experiment (solid lines) and theory (dashed lines). The JT distortion
is slower for CD4* than CH4" by a factor of =1.4. The vertical dotted
lines indicate when the experimental signal CML1 first attained the value of
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281.5 eV (corresponding to the Cy, geometry) for CH;" and CD,".

bond lengths oscillate on a timescale roughly
twice as fast as the principal oscillation in the
CM1 (supplementary materials). The angular
oscillations were slower than the stretches,
with Fig. 3A showing that the mean of the
smallest molecular bond angle over all trajec-
tories underwent a damped oscillatory motion
on the same timescale as the predicted and
observed XTAS signal CM1 (Fig. 2, A and B).
The computed bond angle distribution also
broadened rapidly over time after ¢ = 10 fs,
similar to the XTAS signal. A direct correla-
tion between the observed signal and the
smallest bond angle is revealed in Fig. 3B,
which plots the smallest bond angle of the
trajectory geometries used for Fig. 2B against
the computed 1s — SOMO excitation energies
for those geometries. It is evident that a simple
linear model could capture much of the rela-
tionship between the two quantities. The ex-
citation energy had weaker correlation with
other bond angles and bond lengths (supple-
mentary materials). Theory therefore indi-
cated that the most important contribution
to the observed time evolution of the XTAS ab-
sorption energy was from the dynamics of the
smallest bond angle, to the extent that the
signal could be interpreted in terms of a single
parameter.

This connection can be understood using a
simple orbital model (Fig. 3C). The SOMO at
the C,, symmetry minimum geometry of CH,*
is the bonding orbital arising from mixing be-
tween a C 2p orbital and a symmetry-adapted
linear combination (SALC) of the 1s orbitals
corresponding to H atoms in the long bonds.
This SALC has antibonding character because

Ridente et al., Science 380, T13-717 (2023)

the two H 1s orbitals have opposite phases. For
small bond angles, the H 1s SALC has poorer
overlap with the C 2p level as it gets closer to
the nodal plane of the latter. This behavior
leads to a weaker interaction and therefore
lowers the mixing between the C and H centered
orbitals. Furthermore, smaller angles lead to
decreased H-H distance, elevating the energy
of the H 1s SALC because of the local anti-
bonding character. The resulting oy bonding
orbital therefore has greater nonbonding (pure
C 2p) character as the angle decreases, made
evident visually by the 30° angle case in Fig. 3C.
Conversely, larger bond angles lead to a more
stabilized SOMO with greater contribution from
H orbitals. This picture is consistent with the
observed increase in the 1s — SOMO x-ray probe
excitation energy with decreasing bond angle
shown in Fig. 3B. The x-ray oscillator strength
also increased with a decrease in bond angle
(supplementary materials). This behavior of the
oscillator strength highlighted the increase in
C 2p character of the SOMO because transitions
from the C 1s level to other possible valence
atomic orbitals that may contribute to the SOMO,
such as C 2s or H 1s, have negligible oscillator
strength. Therefore, the XTAS signal revealed
the extent to which the SOMO lost C-H bonding
character during the relaxation process.

It is thus apparent that the Ty — Cy, JT
distortion activates scissoring motion about
the smallest bond angle in the C,, minimum,
which was the most evident feature in the
x-ray spectra. Furthermore, the frequencies
indicated in Fig. 1C suggest that the asym-
metric scissoring mode is activated to a greater
extent than the symmetric scissoring mode.

19 May 2023
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The greater activation of the asymmetric scis-
soring mode is further supported by the short
time (<10 fs) evolution of the molecular bond
angles (supplementary materials), which revealed
that the smallest H-C-H bond angle decreases
over time, whereas the largest H-C-H bond angle
increases in value. For a perfectly harmonic PES,
the excess energy accumulated in this asym-
metric scissoring mode would remain undissi-
pated therein, leading to undamped oscillation
of the XTAS signal and geometric parameters
about the minimum before radiative relaxation
to the vibrational ground state. However, the
PES of CH," is highly anharmonic (see discus-
sion above), and the surplus energy spreads out
to all other modes. This redistribution was ob-
served through damping in the oscillations for
both the experimental XTAS signal CM1 and
the mean geometric parameters from the AIMD
trajectories (Figs. 2 and 3). In addition, consid-
erable broadening of the XTAS signal was ob-
served after the initial 10 fs, which was mirrored
by an increase in the width of the probability
distributions for the geometric parameters.
Figure 2D indicates that the experimental XTAS
CM1 oscillations had a damping lifetime of 58 fs,
and oscillations in parameters computed from
AIMD trajectories were mostly damped out
within 60 fs (supplementary materials). It
therefore appears that a large proportion of
energy was transferred out of the JT-activated
asymmetric scissoring mode to other internal
degrees of freedom within this timescale, con-
stituting an ultrafast example of intramolecular
vibrational energy redistribution. This process
can also be described in terms of dephasing of
the asymmetric scissoring mode (i.e., relaxation
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toward thermal equilibrium), which was ulti-
mately reflected in the decoherence of the
XTAS signal.

Comparison between experiment and theory
revealed that the XTAS signal was reporting
the nuclear motion over the duration of the re-
laxation process. It is important to consider
that SFI experiments could potentially exhibit
electronic relaxation dynamics without consid-
erable nuclear motion, involving highly excited
Rydberg or cationic states (38, 39). To prove
that the observed XTAS signal dynamics solely
arose from nuclear (rather than electronic)
relaxation, we performed experiments and
computations for the dynamics after SFI of CD,.
Figure 4A presents the time evolution of the
resulting experimental XTAS signal, and Fig.
4B shows the computed XTAS spectrum from
OO-DFT on 255 AIMD trajectories of CD,".
The good agreement between experiment and
theory further validated the ability of the com-
puted trajectories to successfully simulate the
experimental molecular dynamics. The greater
mass of the deuterium isotope should slow the
scissoring motion, leading to slower time evo-
lution of the signal for CD," relative to CH,".
Figure 4C confirms this to be the case by com-
paring the time evolution of the CM1 for both
CH," and CD," from experiment and theory.
The time taken by the CM1 to reach the 281.5-eV
value associated with the C,, cation geometry
was longer for CD," than for CH,,", and the effect
of deuteration could be gauged by the ratio
(CD,"/CH,") of these times. This ratio was
measured to be 1.4 + 0.3 from experiment and
calculated to be 1.44- + 0.06 from theory (sup-
plementary materials). The value thus calculated
was close to the ratio between the asymmetric
scissoring frequencies for the smallest bond
angle in CH," and CD,* (computed to be 1.34).
However, it is important to note that all the
normal modes of C,, CH," have similar fre-
quency ratios upon isotopic substitution (sup-
plementary materials). Nonetheless, the slower
dynamics observed for CD," unambiguously
reveal that the signal was reporting on nuclear
dynamics. We also note that Fig. 4C shows
that the relaxation dynamics after JT distor-
tion for CD,* continue to be slower up to 45 fs,
from both experiment and theory. Longer time
behavior for the computed CD,," XTAS signal is
compared with CH," in the supplementary
materials (up to 85 fs), revealing slower coherent
oscillations in the signal CM1 for CD,*. We also
note that Baker et al. (21) have reported that
dynamics within the first 1.6 fs of ionization
were a factor of 2 to 3 slower for CD," versus
CH.,,". This behavior at very short times resulted
from the decay of the autocorrelation of the
nuclear wave function (9, 21), which is distinct
from the longer time dynamics reported here
involving substantial atomic displacements,
therefore representing almost nonoverlapping
nuclear wave functions.

Ridente et al., Science 380, T13-717 (2023)

Conclusions

CH," was prepared from SFI of CH, and
probed with XTAS near the carbon K-edge
with few-femtosecond time resolution. Evo-
lution of the excitation from the C 1s level to
the valence hole revealed the dynamics of JT
symmetry breaking away from the parent Tq
geometry, as well as subsequent coherent
motion and dissipation of released energy out
of active modes. All three of these aspects of
intramolecular relaxation have been success-
fully observed and analyzed. The combina-
tion of experiment and theory revealed that
the molecule first reached the JT-distorted form
within 10 + 2 fs after ionization. This distortion
involved reduction of a H-C-H bond angle from
109.5° toward 55 which was directly reported
by a blue shift in the x-ray absorption signal.
The JT dynamics were found to be 1.4x slower
in deuterated methane on account of the larger
substituent mass, proving that the observed dy-
namics arose from nuclear motions. The energy
released by the JT distortion drove a few
coherent oscillations in the activated modes
before being distributed over other molecular
internal degrees of freedom, leading to damping
of the oscillations within 60 fs of ionization.
We note that the observed behavior for CH,*
is distinct from that observed in previous XTAS
studies (26, 28) on the dynamics of CF," and
CCL," because those species are highly unstable
against bond dissociation. CF," has not been
experimentally detected to date (26); meta-
stable CCl," has been previously observed (28),
but signals from the intramolecular relaxation
pathways were unable to be disentangled from
bond breaking. The subsequent coherence and
dissipation of energy from the JT activated
asymmetric scissoring mode to other internal
degrees of freedom was only observed in CH,,".
This work thus opens the door to studies on
how ultrafast vibrational coherence influences
the redistribution of excess energy in more
complex systems.
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Editor’'s summary

The Jahn-Teller (JT) effect is a fundamental mechanism of geometric relaxation that leads to symmetry breaking

in nonlinear molecular systems in degenerate electronic configurations. Despite being responsible for a variety

of phenomena observed in many fields, direct imaging of this effect with high spectral resolution has remained a
grand challenge. Using a combination of state-of-the-art experimental and theoretical time-resolved x-ray absorption
techniques, Ridente et al. successfully reconstructed the ultrafast (few-femtosecond) molecular dynamics arising from
the JT distortion in the prototypical example of the methane cation, as well as subsequent coherence and dissipation
of energy to other internal degrees of freedom. In the future, the presented techniques could be used to study the JT
distortion and other related dynamics in ultrashort time scales in more complex systems. —Yury Suleymanov
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