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Resolving vibrations in a polyatomic molecule with femtometer precision via x-ray spectroscopy
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We measure molecular vibrations with femtometer precision via resonance energy shifts using time-resolved
x-ray absorption spectroscopy. For a demonstration, a Raman process excites the A;, mode in gas-phase SF¢
molecules with an amplitude of approximately 50 fm, which is probed by a time-delayed soft-x-ray pulse at
the sulfur L, ; edge. Mapping the extremely small measured energy shifts to internuclear distances requires
an understanding of the electronic contributions provided by a many-body ab initio simulation. Our study
establishes core-level spectroscopy as a precision tool for time-dependent molecular-structure metrology.
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Molecular physics and chemistry are governed by electron
dynamics but ultimately realized in the structural coordination
of the nuclei. The most subtle molecular-structure alter-
ations are vibrations. Hence, exciting and precisely measuring
molecular vibrations are crucial for understanding chemical
reactions and their control [1-7]. In particular, the interplay
between the dynamics of electrons and nuclei is of pivotal
interest [4,8—11]. One frontier is the single quantum level by
investigating smallest electronic or vibrational [12,13] excita-
tions.

Lasers are a powerful tool for controlling molecular dy-
namics. In recent decades the electronic population [14],
molecular rotation [15], and highly excited vibrational states
[16,17] have been successfully targeted by intense light
fields. Laser-based infrared (IR) and Raman spectroscopy are
well-established techniques in science and industry [18] for
investigating electronic and vibrational molecular character-
istics in matter. In combination with core-level spectroscopy
[19], one gains deep insights into the equilibrium electronic
and vibrational structures of molecules and solids [20].

On the other hand, diffraction methods are commonly used
to determine the distances and dynamics within matter using,
e.g., electrons [21-30], neutrons [31], or photons [32-34].
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For gas-phase molecules, these diffraction methods provide
nano- to picometer spatial resolutions. Focusing on molecu-
lar vibrations, many spectroscopy experiments have revealed
dynamics in a time-resolved manner [11,35-41]. So far, the
smallest spatially resolved vibrational feature has been mea-
sured at 0.6 pm [42]. A quantification of structural changes
on the few-femtometer level [43—46] and potentially below
[47,48] thus far has been limited to solid-state systems.

In this work we demonstrate time-resolved vibrational
metrology of neutral gas-phase molecules with a spatial
precision of 14 fm. For a proof-of-principle experiment,
we conduct measurements of smallest bond-length changes
in sulfur hexafluoride (SF¢) using table-top, time-resolved
x-ray-absorption spectroscopy (TRXAS). Here sulfur L, 3-
edge transitions around 173 eV are probed. With this
all-optical spectroscopic method, we induce and time resolve
coherent vibrational excitations of a molecular ensemble in
the perturbative limit.

The general mechanism that enables the tracing of ex-
tremely small structural changes with TRXAS is illustrated
in Fig. 1(a): Since TRXAS probes the dipole response of
the molecular system, the potential-energy curves (PECs)
of the involved electronic states are crucial. Incoming soft-
x-ray (SXR) radiation induces a dipole transition from the
electronic ground-state PEC to an excited state. These two
PECs may generally differ in their minimum-energy position
(dy and d,) as well as in their shape and width. Ultrashort
SXR pulses hence can be used to map the internuclear dis-
tance d to the PEC energy difference AE [see the inset in
Fig. 1(a)]. For sufficiently small internuclear changes Ad, this
mechanism is general and can be applied independently of
the excited-state PEC character. Thus, very small alterations
of the electronic ground-state nuclear wave packet can be
detected. One widely applicable process to induce such per-
turbations in the probability-density distribution within the
ground-state PEC is nonresonant, impulsive stimulated Ra-
man (ISR) excitation [35,49-51] via an ultrashort IR pulse.
Figure 1(b) illustrates how the first vibrationally excited state
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FIG. 1. Mapping vibrational dynamics with core-level spec-
troscopy. (a) Exemplary PECs of molecular electronic ground and
excited states which can be resonantly coupled by SXR radiation.
Depending on the internuclear distance d, the energy differences
of the PECs translate into different transition energies AE, which
is illustrated around the equilibrium internuclear distance d, in the
inset. (b) Vibrational excitation scheme. The ground and first excited
nuclear wave functions ¥ and v, of the electronic ground-state PEC
are illustrated. A broadband, ultrashort IR pulse can populate the
excited state via ISR excitation in a two-photon process. (c) Temporal
evolution of the resulting vibrational wave packet |y (¢)|?> over five
oscillation periods for |a|*> = 50% population (left) of |v,) and for
perturbative excitation (|a|*> = 1%, right).

is coherently populated by coupling it to the ground state in
the two-photon ISR process via a virtual state. The ground-
and excited-state nuclear wave functions v and vy, with
respective energies /iwy and fiw, can be well approximated by
the respective ones from a harmonic potential [52]. The tem-
poral evolution of the vibrational superposition state | (¢)) =
V1 — |al2e™ |y} + ae~™ |, ) after excitation results in a
time-dependent probability density |y (¢)|* for different rel-
ative populations |a|®> of the first excited vibrational state
|[Y1) [see Fig. 1(c)]. While a strong excitation of, e.g.,
la|?> = 50% leads to a quantum-hopping behavior [Fig. 1(c),
left], a perturbative excitation [e.g., |a|2 = 1% in Fig. 1(c),
right] approximates an internuclear-distance oscillation of the
ground-state-like wave packet. The question arises as to what
minimal coherent vibrational excitation and thus bond-length
change is measurable within an ensemble of molecules.

To shed light on this extreme perturbative case of coher-
ent molecular excitation, a table-top TRXAS experimental
scheme as outlined in Fig. 2 is employed. The optical setup de-
livers IR laser pulses (center wavelength A, = 1535 nm) with
1-m]J pulse energy at a 1-kHz repetition rate. The IR pulses are
compressed to a three-optical-cycle duration (tpwpm = 15 £s)
and temporally characterized with a home-built transient-
grating frequency-resolved optical gating apparatus [53]. The
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FIG. 2. Experimental TRXAS scheme. Copropagating weak
SXR and strong IR pulses are time delayed with respect to each other
by 7. They are focused into a molecular target (tar), where the pre-
ceding IR pulse initiates vibrational dynamics [see Fig. 1(b)] while
the SXR pulse probes the system [cf. Fig. 1(a)]. The transmitted SXR
pulse is spectrally dispersed by a grating (gra) and measured with
an SXR-sensitive CCD camera. Using a reference spectrum without
target, Iy(w), and the transmitted spectra at different times 7, I, (w, 7),
a two-dimensional OD(w, t) map encodes signatures of electronic
and vibrational dynamics.

result of this characterization is plotted as a dark red line
in Fig. 4. Focusing these IR pulses into a neon-filled cell
inside a vacuum beamline generates SXR photon energies
up to 200 eV in a high-order harmonic generation process.
Afterward, IR and SXR are spatially separated and time
delayed with respect to each other. Finally, the strong IR
and comparatively weak SXR beams are refocused into an
effusive cell (interaction length of 3 mm) which is filled with
16 mbar of SFg. The transmitted SXR spectrum is dispersed
by a grating and measured with a CCD camera. Finally, the
measured data are evaluated in terms of spectral absorbance
[optical density (OD)]. Varying the SXR-IR time delay t
results in a time-dependent absorbance OD(w, 7).

To evaluate the data, we focus on the S L, 3-edge ab-
sorbance doublet 6a;,. This resonance is linked to a dipole
transition from the spin-orbit split, core-level S 2p orbital
2t1, (j= =3/2,1/2) to the lowest unoccupied molecular
orbital (LUMO) 64, [54,55]. The time-delay-dependent res-
onant absorbance spectra for an IR intensity of Ir; =
9 TW/cm? are shown in Fig. 3(a). In order to gather enough
statistics for extracting smallest vibrational signatures, the
total uninterrupted measurement duration for this data set
is 16 h. An example of a single measured 2t;, — 6ay,
doublet absorbance is given in Fig. 3(b). To extract small
time-dependent signatures, a mean over SXR-first spectra
is subtracted from all OD(t) absorbances. The resulting
AOD(w, 1) in Fig. 3(c) shows an oscillatory behavior in the
IR-first region (t > 0 fs). For quantification purposes, a Voigt
model is fitted to the OD(w, t) data from Fig. 3(a). Further de-
tails on the fitting procedure are given in [56]. A comparison
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FIG. 3. TRXAS data at the sulfur L, 3 edge in SF¢. (a) Measured
absorbance OD(w, 7) at an IR intensity of 9 TW/cm?. (b) Spectral
lineout from (a) showing the 6a;, doublet resonance as well as its
fit and the background (bgd.) of nonresonant absorption into the
ionization continuum. (c) Experimental differential absorbance data
AOD(w, t) calculated from (a) by subtracting the indicated refer-
ence mean spectrum [ref. in (a)]. (d) AOD(w, 7) based on the fits of
the data in (a). (e) Illustration of the symmetric vibrational breath-
ing mode A, in SFs which has the same period as the oscillatory
signature visible in (c) or (d) for t > 50 fs.

of the experimental AOD [Fig. 3(c)] and the AOD based on
the fits [Fig. 3(d)] verifies that the measured time-dependent
features are reproduced by the fits. The periodicity of the os-
cillatory signatures out of pulse overlap (z > 50 fs) in the data
coincides with the symmetric breathing mode vibration A, of
SF¢ with a 43-fs period [35,57]. Such a vibration is visualized
in Fig. 3(e). In addition, a second measurement was conducted
with a higher IR intensity of jr » = 26 TW/ cm? which allows
us to investigate the IR-intensity dependence of the involved
electronic and vibrational dynamics. To summarize the fit
results of both data sets, Fig. 4 shows the resonance energy
shift AE, for both doublet peaks 6a;,(j+) and both intensities
Ir 12 matched to each other (right ordinate axis for the /g »
data set). Here AE, refers to the shifts in measured transition
energy from the many-body ground state to the 2tl_u16a% (%)
core-level excited state doublet. These shifts are sensitive to
both purely electronic dynamics in temporal pulse overlap and
the molecular vibrational dynamics.

In order to gain further insight into the oscillatory behavior
of the 6a;, peak energies for the IR-first case, a quantum-
mechanical ab initio simulation is combined with a classical
force approach for the 9-TW /cm? data set. First, the con-
tributing orbitals are calculated using the density-functional
theory (DFT) full-potential local-orbital (FPLO) code [58,59]
for different dgr internuclear distances. Second, the impact
of the IR pulse is included in a quantum-mechanical many-
body restricted active-space simulation [60] by off-resonant
dipole coupling of the highest occupied molecular orbital and
the LUMO. The corresponding Hamiltonian is used for the
temporal propagation of the electronic wave function of the
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FIG. 4. Temporal evolution of 6a,, resonance energy shifts. Res-
onance energy differences AE, [with respect to ref. in Fig. 3(a)]
extracted from the Voigt fits of the TRXAS experimental data in
Fig. 3 over the SXR-IR time delay. Two measurements with dif-
ferent IR intensities are shown (blue for 9 TW/cm? and red for
26 TW /cm?, left and right ordinate axes, respectively). For each
measurement, the 6a;,(j;) and 6a,,(j_) absorbance-peak energy
differences are indicated as diamonds and circles, respectively, in-
cluding the fit uncertainties. Simulation results without (black dashed
line) and with (white solid line) taking the first LUMO + 1 orbital
with ungerade symmetry (61,,) into account. A standard deviation of
o = 3.8 meV for the SXR-first region of AE,.; (blue histogram) is
determined. Furthermore, the measured IR pulse intensity envelope
is illustrated (dark red line).

system via the time-dependent Schrodinger equation. This
results in a laser-dressed ground-state PEC and hence in a
slightly changed equilibrium internuclear distance dy. Con-
sequently, the nuclei are accelerated classically according to
the laser-dressed PEC’s slope and result in a new molecular
structure after a time step 6¢. The simulation utilizes the Born-
Oppenheimer approximation, where the electronic structure
follows the nuclear redistribution immediately. Thus, the DFT
orbitals of the updated molecular structure are used as input
for the next time step. For each time step, the resulting 6a;,
absorbance of the SXR probe pulse is calculated with the
QUANTY code [61,62], which results in the black dashed line
in Fig. 4. The agreement within the SXR—IR temporal pulse
overlap is further improved (white solid line) by calculating
Stark shifts of the effective LUMO through its dipole cou-
pling to the first unoccupied molecular orbital (LUMO + 1)
with ungerade symmetry (6¢;,) via the measured IR inten-
sity envelope (dark red line). Here, including higher-excited
LUMO + n (with n > 1) DFT-based molecular orbitals does
not lead to a significant change within the signal-to-noise ratio
of the experiment due to the far-off-resonant nature of the
respective dipole couplings.

The transient energy shift during time overlap is due to an
electronic ac Stark effect [63], which is proportional to the
IR intensity. For time delays greater than 50 fs, the observed
energy shifts are purely caused by vibrational dynamics. Here
the ISR excitation leads to an S-F excursion amplitude which
scales linearly with the IR intensity [64,65]. Due to the per-
turbative excitation, the impact of the bond-length change on
the resonance energy shift can be approximated to be linear.
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FIG. 5. Mapping of transition energy shift of 6a;, doublet to S-F
bond-length change in SFe. The transition-energy shift calculated via
the PEC difference of ground and 6a;, excited states is depicted as
the black solid line. Additionally, the linear fit resulting in a slope
value of AAdE;F = 0.27 eV/pm is shown as a red dashed line and the
regions of interest for the 9 TW /cm? (Adsr,;) and the 26 TW /cm?
(Adsk2) experiment. No noticeable difference to the fit is observed,
which illustrates the validity of the linear fit.

Hence, the overall energy shift AE.(¢) originating from the
combined electronic and vibrational dynamics is also propor-
tional to the IR intensity and enables us to match the two data
sets AE, | and AE, ; in Fig. 4 by simply rescaling the ordinate
axis by their intensity ratio Iir | /IR 2-

To elucidate the perturbative limit of vibrational exci-
tation, the low-IR-intensity (fg; =9 TW/cm?) data set
AE, | is analyzed in more detail: For vibrational metrology
with TRXAS, the transition-energy shift with respect to the
bond-length change is crucial [compare Fig. 1(a) inset]. With

the calculated electronic many-body ground-state and the
many-body excited-state 2t1_u1 6a} o PECs of SF¢, a linear slope

value of AATi = 0.27 eV/pm around the ground-state equilib-
rium S-F distance dy = 1.561 A [66] is determined as shown
in Fig. 5. This slope value is in good agreement with the recent
results by Barreau et al. [67] indicating AATE;" =0.29 eV/pm.
Figure 6(a) illustrates the symmetric Ay, vibration around dy
for a single S-F bond. This vibration is governed by the elec-
tronic ground-state PEC of the Raman-active A;, vibrations
shown in Fig. 6(b). For large vibrational excitations this PEC
describes a dissociation to S 4 6F with a dissociation energy
of 22.4 eV [68]. Due to the perturbative vibrational excitation,
only a small region of the PEC around dj is relevant as illus-
trated in Fig. 6(c). The vibrational frequency va,, = 775 cm™!
[57] of the first excited breathing mode A, in SF¢ is equiva-
lent to a vibrational energy-level spacing of 96 meV. While
two further Raman active modes (v, = 642 cm™! and vs =
525 cm™ ) exist, they are much weaker than the fundamental
breathing mode A, [35] and hence are not observed in this
perturbative vibrational excitation experiment. Furthermore,
Fig. 6(c) shows the probability densities of the ground- and
first-excited-state nuclear wave functions |v) and |y{) [com-
pare Fig. 1(b)], respectively, for the case of A, vibrations
in SFg. The thermal excitation at room temperature (300 K)
leads to a population of the first excited A, vibrational state
of |a|?> = 2.4%. In the lower half of Fig. 6(c), the 100-time-
magnified view of the thermally excited probability density (in
orange) is compared to the one of the vibrational ground state
(in blue). In contrast, the ISR excitation with a 9-TW/ cm?-
intensity IR pulse leads to an excited-state population of
la]?> < 0.04%, which is illustrated with a magnification of
1000 (in red) in the upper half of Fig. 6(c). Notably, this is
a 60-time-smaller vibrational excitation compared to the ther-
mally induced population. Due to the coherent nature of ISR
excitation, however, the excitation in the perturbative limit
can be well separated from the incoherent thermal vibrational
background. The small deviations from the stepwise behavior
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FIG. 6. Femtometer-resolved, perturbatively excited vibration in SFs. (a) Illustration of a single S-F bond in SF¢ [full molecular structure
in (b)] vibrating around the equilibrium distance dy. (b) Calculated electronic ground-state PEC of symmetric breathing mode A, vibrations
in SFs. (c) Close-up of (b) around d,, with illustrations of the probability density of the vibrational ground state (blue) and the first excited state
Ay, (red or orange). A comparison is given for the population of A;, due to incoherent thermal excitation at 300 K (orange) and the 60 times
smaller measured coherent ISR excitation (red) by the Iz ; = 9 TW/cm? IR pulse. (d) Calculated bond-length difference Adsg and population

of Ay, |al?, over SXR-IR time delay.
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of the population dynamics in Fig. 6(d) (blue line) are linked
to the temporal IR pulse structure. As a result, a vibrational
amplitude of Adsg ~ 50 fm [compare Fig. 6(d), red line] is
extracted from the simulation. From the o = 3.8 meV stan-
dard deviation of the AE,; data set in Fig. 4 within the
SXR-first region, a precision of 14 fm is determined. This
equals around two times the 6.5-fm core diameter of the sulfur
atom [69] and translates into a relative bond-length-change
sensitivity of 107*. With a systematic deviation of less than
10% between the PEC-slope values of Barreau et al. [67] and
our calculation, the corresponding systematic uncertainty of
less than 5 fm for the retrieved 50-fm oscillation amplitude is
well below the statistical 14-fm precision.

Overall, our approach for perturbative vibrational con-
trol is very general: The widely applicable ISR excitation
scheme is easily scalable. Even the smallest induced coher-
ent vibrational amplitudes can be separated from the thermal
incoherent background and no special preparation of the
gas-phase target (e.g., orientation or alignment) is needed.
In addition, due to its perturbative nature acting on neutral
molecules, the presented technique is potentially of interest
for real-time precision observation and control of chemical re-
actions. Moreover, our study reveals the technical potential of
using an all-optical table-top method for precision metrology
of time-dependent molecular dynamics, which complements
techniques that determine absolute molecular structure like
x-ray [32-34] or ultrafast electron diffraction [21-24]. In the
future, high-accuracy perturbative quantum control in neutral
gas-phase molecules is in reach using TRXAS. This is espe-

cially of interest for vibrational and rotational ground-state
chemistry in cryogenic environments, e.g., astrochemistry
[70]. Furthermore, vibrational precision control might be a
suitable tool to accurately manipulate nonadiabatic dynamics
very close to conical intersections, which are crucial for pho-
tochemistry [71]. As the perturbative excitation of a molecular
ensemble is measured, there is no fundamental physical re-
striction concerning exciting and measuring even smaller
vibrational amplitudes. Hence, using a high-resolution SXR
spectrometer [72—74] and a high-repetition-rate laser system
[75,76] to increase statistics, a subfemtometer precision seems
feasible in the future. These results thus substantially ad-
vance the field of x-ray spectroscopy in molecules [77-79]
by paving the way for time-resolved vibrational precision
metrology.
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