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Measurement of coherent vibrational
dynamicswith X-ray Transient Absorption
Spectroscopy simultaneously at the
Carbon K- and Chlorine L2,3- edges
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Andrew D. Ross 1,2,4,6, Diptarka Hait 1,2,5,6, Valeriu Scutelnic 1,2, Daniel M. Neumark 1,2,
Martin Head-Gordon1,2 & Stephen R. Leone 1,2,3

X-ray Transient Absorption Spectroscopy (XTAS) is a powerful probe for ultrafastmolecular dynamics.
The evolution of XTAS signal is controlled by the shapes of potential energy surfaces of the
associated core-excited states, which are difficult to directly measure. Here, we study the vibrational
dynamics of Raman activated CCl4 with XTAS targeting the C 1s and Cl 2p electrons. The totally
symmetric stretchingmode leads to concerted elongation or contraction in bond lengths,which in turn
induce an experimentallymeasurable red or blue shift in the X-ray absorption energies associatedwith
inner-shell electron excitations to the valence antibonding levels. The ratios between slopes of
different core-excited potential energy surfaces (CEPESs) thereby extracted agree very well with
Restricted Open-Shell Kohn-Sham calculations. The other, asymmetric, modes do not measurably
contribute to the XTAS signal. The results highlight the ability of XTAS to reveal coherent nuclear
dynamics involving < 0.01Å atomic displacements and also provide direct measurement of forces on
CEPESs.

X-ray absorption spectroscopy is a powerful instrumental technique1–4 that
has been used to measure atomic structure, electronic dynamics, and
nuclear motion1,5–18. The interpretation of experimental X-ray absorption is
often done through comparison to quantum chemical calculations, leading
to considerable recent theoretical interest in this area19–33. However, most
computational work has focused on predicting X-ray absorption energies at
fixed, often equilibrium, geometries, and changes in core-level excitation
energies with nuclear displacements have been relatively unexplored, in
large part due to the relative lack of high-quality experimental data for
straightforward comparison. Unambiguously attributing vibronic effects in
spectral lineshapes34–38 to individual normal modes is challenging for
polyatomic systems. Spectra collected fromX-ray probing of photoinduced
dynamics6,7,14,33,39 and X-ray emission processes40,41 often show signatures of
significant nuclear dynamics, but modeling such nonequilibrium phe-
nomena poses a challenge independent of the X-ray spectrum prediction
problem. It would therefore be useful to have experimental measurements
that unambiguously report variations in core-excitation energies vs specific

nuclear displacements and thereby provide information about core-excited
potential energy surfaces (CEPESs).

A relatively straightforward route to obtaining CEPES properties is
through X-ray Transient Absorption Spectroscopy (XTAS) of coherent
vibrational dynamics. Such dynamics can be experimentally realized by first
exciting the sample to a superposition of vibrational states by Impulsive
Stimulated Raman Scattering (ISRS), where a pump pulse, such as the short
800nmpulse shown inFig. 1, launchesawavepacket along theRamanactive
vibrational modes that have a period more than double the duration of the
pump laser pulse42,43. Following the pump pulse, the nuclear wavepackets
oscillate with the associated normal mode frequencies as coherent states of
the harmonic oscillator, assuming the harmonic approximation holds and
themodes do not couple. As themolecule vibrates, changes in the core-level
excitation energies can be tracked by the soft X-ray probe at a series of delay
times from the initial excitation, revealing features of the CEPES.

The connection between transient core-level excitation energy changes
andCEPES features can be understoodwithin a simple Born-Oppenheimer
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model of classical nuclei moving on electronic potential energy surfaces. Let
the molecule be distorted by {qi} along each of the ground state normal
modes {i} relative to the equilibriumgeometry in the electronic ground state.
The corresponding core-excitation energy is therefore
ΩC({qi}) = EC({qi})− EG({qi}), where EC andEG are potential energy surface
functions for the core-excited and ground electronic states, respectively.
EG({qi}) does not have any terms linear in {qi} as the undistorted geometry is
a minimum on the electronic ground state potential energy surface. This is
not true forEC({qi}), asminimaon theCEPES (if they exist at all) areunlikely
to be identical with the electronic ground state equilibrium geometry44–48.
For small displacements therefore:

ECðfqigÞ≈ ECð0Þ þ
X

i

qi
∂EC

∂qi

� �

fqig¼ 0
ð1Þ

where ∂EC
∂qi

� �

fqig¼ 0
is the slope of the CEPES at the ground state equilibrium

geometry along the ith ground statemode, and higher order terms in {qi} are
neglected. The excitation energies are similarly:

ΩCðfqigÞ≈ ECð0Þ � EGð0Þ þ
X

i

qi
∂EC

∂qi

� �

fqig¼ 0
ð2Þ

For coherent vibrationalmotions within the harmonic approximation,
the pump stimulated displacements evolve in time as
qiðtÞ ¼ Ai cosðωit þ ϕiÞ. A Fourier transform of the time-dependent exci-
tation energies ΩC({qi(t)}) would therefore reveal information about the
CEPES slopes. Specifically, let us consider two core-excited statesC1 andC2,
with associated time-dependent core-excitation energiesΩC1

ðtÞ andΩC2
ðtÞ

resulting from vibrational dynamics. For a given ground state normalmode
i with ground state frequency ωi, the ratio of the associated Fourier

transforms F then are:

F ΩC1
ðtÞ

h i
ðωiÞ

F ΩC2
ðtÞ

h i
ðωiÞ

¼
∂EC1
∂qi

� �

fqig¼ 0

∂EC2
∂qi

� �

fqig¼ 0

ð3Þ

indicating that the ratio of the Fourier transforms of two time-dependent
core-excitation energies arising from vibrational dynamics is equivalent to
the ratio of the CEPES slopes along that mode at the ground state
equilibrium geometry. We note that anharmonic effects may lead to
deviations from this simplified model, but we do not consider this aspect
further in this work.

XTAS has been used to observe coherent vibrational motion in the
past2,49–52 and specifically theCEPES for SF6 at the SL2,3 edges recently

53,54. In
this work, we experimentally measure the relative CEPES slopes along the
symmetric stretching mode of CCl4, considering both the C K-edge (1s, ~
285 eV) and the Cl L2,3-edge (2p, ~ 200 eV). We focus on dipole allowed
core-excitations to the antibonding 7a�1 and (triply degenerate) 8t�2 levels,
which are energeticallywell separated fromeachother and readily accessible
with the X-ray probe55,56 (as shown in Fig. 1b). Relative CEPES slopes from
experiment are compared to the corresponding ratios obtained from
absolute CEPES slopes predicted by restricted open-shell Kohn-Sham
(ROKS19,57) calculations. The computed values are found to lie within the
experimental error bars, indicating an excellent level of agreement and
permitting estimation of absolute experimental CEPES slopes. No signal in
the experimental X-ray absorption energy is detected for the other normal
modes, as no net displacement along these modes is induced by the
pump pulse.

Methods
Experiment
The experimental apparatus has been fully described in ref. 58. Here, we
provide a brief summary of the relevant experimental conditions. TheX-ray
probe is a nearly femtosecond pulse with photon energies extending up to
370 eV, generated by high harmonic generation (HHG) by a 10 fs, 1300 nm
pulse. ISRS is induced by an 800 nm pulse, spectrally broadened, and
compressed to about 6 fs in duration with a 1 kHz repetition rate. The
maximum power used on the sample was 150mW, focused to 65 μm full
width at half maximum (FWHM), which gives an electric field with peak
intensity up to 3 ± 1 × 1014W cm−2 as estimated by numerical calculations
(details are given in Supplementary Notes 4) and by observed relative
ionization rates of Ar. We note that this intensity corresponds to a peak
electric field strength of 3.4 ± 1.1 VÅ−1 (i.e, 0.065 ± 0.022 a.u.). The X-ray
monochromator has 0.2 eV spectral resolution at the C K-edge and 0.1 eV
resolution at the Cl L2,3-edge. The experimental data are measured as a
change in absorbance, or ΔOD. The temporal cross-correlation of the
experiment ismeasured to be 8 ± 2 fs by the autoionization inAr L2,3 lines

59.
Experiments areperformedover different time ranges to coverawider range
of dynamics; the shortest have a step size of 1 fs and extend to 80 fs and the
longest have variable step sizes and extend to 10 ps. Additionally, experi-
ments are run with varying pump power, from ~ 1−3 × 1014W cm−2, to
assess how the power affects the temporal dynamics. Each scan that has a
different combination of pump powers, time step sizes, and gas pressures is
referred to as a “data set” in this paper. These data sets are taken as closely in
time as possible to make the comparisons between them more consistent.
CCl4 was obtained from Sigma-Aldrich at 99.5% purity.We note that some
of theCCl4 is strong-field ionized under experimental conditions, leading to
dissociative dynamics that have been detailed in ref. 7.

The experimental data are noise filtered by two separate noise reduc-
tion algorithms, which are fully defined in Supplementary Notes 1. In brief,
the first is “edge referencing,” which involves using a region with no
absorption signal and referencing it to find the correlated noise of the
experiment. Then, the correlated noise is subtracted from the data60. The
second noise reduction is Fourier filtering, wherein a low-pass Fourier

Fig. 1 | Outline of the experiment. aDiagram of the experiment. Gas phase CCl4 is
vibrationally excited with a 6 fs duration 800 nm pump and is probed after a variable
delay with a few-fs X-ray probe pulse, which is dispersed via a grating onto a CCD
camera. b Schematic of the transitions studied along the CCl4 symmetric stretch (ν1)
mode, with associated PES (y axis energy spacings to scale). The experimentally
measured excitation energy isΩC(q) =EC(q)−EG(q). Note that theEG(q) surface has
zero slope at the equilibrium bond length.
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filtered spectrum is used as the reference spectrum when calculating ΔOD,
instead of a true pump-off reference61. Thismethod reduces noise associated
with fluctuations in X-ray flux from pulse to pulse and allows for better
comparison of subsequent time points, critical for observation of vibration
signals. Neither of these noise reduction algorithms correlates data between
different time points; they only improve theΔODsignalwithin a single time
point, so no spurious Fourier transform signals should be introduced by
these techniques.

The method for obtaining the CEPES slopes from the measured data
involves the use of a purpose-built processing software. It starts by
separating out the static OD data into a sum of Gaussians, as shown in
Fig. 2. The ΔOD data are simulated by moving the Gaussians in time
according to a sine wave, corresponding to the vibration frequency with
amplitude as a variable for the slopes in question. The difference between
the simulated spectra OD and the measured static ground state OD
reproduces the entire ΔOD, across multiple data sets simultaneously. The
algorithm is able to concurrently simulate theΔODdata for dissociation of
CCl4

þ and both the edge referencing and Fourier filtering noise reduction
techniques, so any errors that might arise from either are minimized. Each
fit includes convolution with a Gaussian of 8 fs FWHM to account for the
temporal cross-correlation of the experiment and uses 95% confidence
intervals as error bars.A full explanationof thefitting algorithm isprovided
in Supplementary Notes 1.

Computational
Quantumchemical calculationswere performedwith theQ-Chem software
package62, using the SCAN0functional63 as it is accurate for the computation
of both core-excitation energies19,64 and polarizabilities65. The equilibrium
geometry and harmonic normal modes were found with the aug-pcseg-2
basis set66. We note that the four lowest energy unoccupied canonical
molecular orbitals at this level of theory are antibonding in character and
correspond to the 7a�1 and 8t�2 levels. ROKS calculations for core-excited
states were carried out with the same functional, and a mixed basis
approach19 of using the decontracted aug-pcX-2 basis67 on the atom type
involved in the core-excitation and aug-pcseg-2 on the other atom (i.e. Cl
L-edge calculations utilized aug-pcX-2 on Cl and aug-pcseg-2 on C). Scalar
relativistic effects in the core-excitation energy were accounted for with the
exact two-component (X2C)method68,69. Spin-orbit effects in the Cl L-edge

were simulated in the manner described in ref. 19. Excited state orbital
optimization was done with the square gradient minimization (SGM)
algorithm70. Local exchange-correlation integrals were calculated over a
radial grid with 99 points and an angular Lebedev grid with 590 points. The
CEPES slopes vs symmetric bond stretch were explicitly obtained by fitting
the computed core-level excitation energies against theC-Cl bond length for
a set of geometries spanning ± 0.01Å change from the computed equili-
brium separation of 1.759Å, in increments of 0.001Å. Fitting over a larger
range of bond lengths ( ± 0.05Å vs equilibrium) yielded very similar slopes
(as shown in Supplementary Data 1).

Results and Discussion
Normal modes of CCl4
The experimental and computed normal modes of CCl4 are reported in
Table 1, and they are in reasonable agreement. All of the normal modes are
Raman active71–73 and have periods ranging from 42 fs (asym. stretch, ν3) to
153 fs (e bend, ν2). This indicates that they should all be stimulatedby the 6 fs
duration 800 nm pump pulse.

General features of experimental spectra
The ground state static X-ray absorption of CCl4 is shown in Fig. 2. It shows
the experimentally measured spectra and the separation of electronic tran-
sitions as sums of Voigt functions74,75 for both the Cl L2,3-edge (2p�1

3=2 and
2p�1

1=2 starting at 200 eV) and the C K-edge (1s−1 starting around 285 eV55).
The Voigt functions are determined by fit, and at the Cl L2,3-edge we use a
second shiftedprofilewith adifferent amplitude tomodel the spin-orbit (s-o)
splitting of 1.6 eV. The spin-orbit area ratio differs from the expected 2:1 for
the L3:L2

76, which is not unusual for some of these edges77. The spectral peak
assignments are given in Table 278,79.

The main features of interest in the Cl L-edge are Peaks 1 and 2 at
200.35 and 203.15 eV, which correspond to excitations to the 7a�1 and 8t�2
orbitals, respectively. Peak C1 is the only feature of interest in the C K-edge,
and it arises from the C 1s! 8t�2 excitation. Unfortunately, the C 1s! 7a�1
excitation is not a dipole allowed transition and so it cannot be probed by
our experiment55. In the Cl absorption, there are additional peaks, Peaks 3
and 4, that arise due to Rydberg transitions and shape resonances55;
although, the corresponding transient spectral features do not show pro-
minent vibrational oscillations comparable to Peaks 1 and 2. TheCl L1-edge
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Fig. 2 | Static X-ray absorption of CCl4. aCl L2,3-edges and b) CK-edge (OD stands
for optical density). Additionally, a breakdown of the net absorption into the indi-
vidual transitions (represented by colored Gaussians) is shown (assignments pro-
vided in Table 2). Cl L3 and L2 excitation peaks have a spin-orbit induced separation

of 1.6 eV. Extra Gaussians after the rising edge were used to better reproduce the
measured data. The fit (red dashed line) agrees very well with the experimental
measurement (black solid line).
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( ~260 eV) involving the 2s orbitals is also accessible with the probe, but that
edge is too broad to extract useful information, especially for vibrational
dynamics, where the transient signal strength resulting from coherent
vibrational motion is proportional to the sharpness of the static absorption.
In the static absorption, a downside of measuring simultaneous element
absorptions becomes apparent; the absorption from the ionization of Cl
inner-shell electrons extends all theway to theCK-edge,where it represents
~50%of the absorption, even at the point of highest carbon absorption. This
leads to smaller effective photon flux available at theCK-edge and increases
the relative noise.

The time-resolved changes to the static absorption spectrum, orΔOD,
after excitation with the few-fs 800 nm pump pulse are shown in Fig. 3. The
blue areas show where the absorption decreases, and the red are where
absorption increases. Several transient spectral features that are relatively
constant in time after t = 0 are apparent in both the Cl and C edges. These
features arise fromCCl4

þ formed by pump induced strong-field ionization,
whose Jahn-Teller and dissociative dynamics have already been studied in
detail in a previous work7.

The ΔOD signals that are of interest to this paper are the oscillatory
signals that occur surrounding the electronic transitionpeaks and their spin-
orbit splittings at 200.35 eV, 203.15 eV, and 290.91 eV from Peaks 1, 2, and
C1, respectively. The positive-negative-etc. oscillations in time that are
typical of vibrational features inXTAS53 are clear at 200.35 eV inFig. 3 a) but
are not as clear at some of the other energies, especially at theCK-edge. This
is because of obscuring transient absorption from ionized species. We were

not able to obtainhighqualitypure vibrational signalswithout also inducing
substantial strong-field ionization. The effect of the cation signals are
however accounted for in the fitting program, and the existence of
the oscillations can be confirmed by the lower panels in Fig. 3, which show
the Fourier transform in time at the different probe energies. Signals above
the noise are apparent at 456 cm−1 (73.05 fs), corresponding to the totally
symmetric a1 symmetry mode72, with the pink dotted oval aiding the eye.
The Fourier transform signals appear as doublets to either side of the static
absorption peak, but not at the peak center, as is most clear at 200.35 eV.
This is due to the nature of these signals, which occur by essentially shifting
the absorption peak center energy to higher and lower energies as the
molecule vibrates. The edges of the absorption peak, where the derivative of
absorption vs energy is the largest, produce the greatest signal, while the
middle of the absorption peaks produce the smallest signal, as the derivative
goes to zero.

At longer times than those shown inFig. 3, ~ 3 ps, the different isotopic
masses of Cl lead to dephasing and an inability to distinguish vibrations. At
10.5 ps, the various frequencies of different isotopes rephase as expected73,80

and the signal can be seen again, as shown in Supplementary Notes 1.3 and
Supplementary Fig. S5. However,most data taken focus on the < 1 ps range
to circumvent this dephasing effect.

Notably, the Fourier transform does not reveal signals at frequencies
corresponding to the e and t2 symmetry vibrations, for reasons that are
discussed later. Fourier transformation of XTAS data often amplifies noise,
so some regions may appear to show additional signals; however, extensive
repetition of the experiment only shows reproducibility in the signals
reported, and some additional data sets are shown in Supplementary
Figs. S2, S4, and S5.

Core-excited potential slopes vs symmetric stretch
The experimentally measured signals were analyzed by the aforementioned
software where the transient signal was recreated by simulating the vibra-
tions and ionization signals simultaneously. The value that can be extracted
from the data most directly is the change in central energy of each of the
X-ray transitionpeaks as a result of vibrational dynamics. These shifts are on
the order of 0.01 eV, which may seem quite small relative to the 0.1–0.2 eV
resolution of the experiment. However, the resolution does not limit
determining peak center energies, and the shifts in peak center induce quite
large changes in ΔOD, as shown in Supplementary Fig. S1.

However, the peak center energy shifts alone do not define the
desired CEPES slopes. It is also necessary to know the displacement
along the vibrational coordinate or, in the case of the symmetric stretch,
the C-Cl bond distance change induced by the pump pulse. That bond
distance cannot be obtained directly from the XTAS data without prior
knowledge of the CEPES, and so it needs to be estimated by othermeans.
Typically, this stretch can be estimated from numerical solutions of the
time-dependent Schrödinger equation if the time-dependent intensity
profile of the pump pulse is very well known81, but this estimation
introduces far more uncertainty than the XTAS under the present setup.
Precise knowledge of the pulse intensity is challenging on account of
losses on the annular mirror used for pump-probe co-linearity, non-
Gaussian focal spots due to the annularmirror, losses on the CCl4 gas cell
aperture, and perhapsmost importantly, non-Gaussian temporal pulses.
Because these experiments were undertaken with pump pulses close to a
single cycle, third-order and higher dispersions have a large effect on the
exact pulse envelope shape82,83, and the tools to measure that envelope
are not consistent enough in reconstruction to provide an exact pulse
shape without error84. With these reservations, we numerically estimate
the C-Cl bond length changes to be 0.0075 ± 0.0025Å (i.e. ~33% error)
at the 3 ± 1 × 1014 W/cm2 pump intensity, utilizing Ehrenfest’s
theorem85,86. This is consistent with previously derived analytic results
for Gaussian pump pulse envelopes42.

It is possible to bypass errors in bond stretch estimation by comparing
different core excited states relative to each other for a given data set, as the
signal arises from the same vibrationalmotion. By normalizing to one of the

Table 1 | Comparison of experimental72 and computed (this
work) normal mode frequencies for CCl4

Symmetry Character Experimental ω Computed ω

(in cm−1) (in cm−1)

e bend 218.0 (ν2) 224:0
225:0

t2 bend 309.7 (ν4) 325:6
325:7
326:0

a1 sym. stretch 456.6 (ν1) 477.9

t2 asym. stretch 790.6 (ν3) 791:9
794:2
798:6

The values are generally in good agreement. The degeneracy of normal modes is broken by the use
of a finite grid for computation of DFT exchange-correlation integrals, which breaks rotational
invariance. As a result, nine distinct frequencies are obtained from computation, clustered into four
groups (ν1−4) corresponding to the experimental frequencies.

Table 2 | Assignment of peaks in static X-ray absorption

Peak Assignments

Peak Exp. Energy (eV) Calc. Energy (eV) Assignment

1 200.35 200.44 Cl 2p3=2 ! 7a�1

1s−o 201.95 202.05 Cl 2p1=2 ! 7a�1

2 203.15 203.09 Cl 2p3=2 ! 8t�2

2s−o 204.75 204.70 Cl 2p1=2 ! 8t�2

3 203.98 - Cl Rydberg

3s−o 205.58 - Cl Rydberg

4 208.1 - Shake-up State

4s−o 209.7 - Shake-up State

C1 290.91 291.30 C 1s! 8t�2

The assignments of the fitted absorption components from ROKS calculations (peaks 1, 2 and C1)
and previous literature78,79 (for other peaks that are not considered further in this work). The Cl L2-
edge (s-o peaks) are 1.6 eV higher in energy than the corresponding the L3-edge peaks due to spin-
orbit effects.
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CEPES as discussed in the introduction (Eqn. (3)), the bond length stretch
parameter can be eliminated. This allows comparison of the CEPES slopes
purely based on the XTAS data. For the purposes of this paper, this means
we define the slope of the first state, Cl 2p3=2 ! 7a�1, to−1 eV/q, where q is
an arbitrary bond stretch lengthscale. The negative sign is explicitly chosen
as the core-level excitation energy to an antibonding orbital is expected to
monotonically decrease with bond length increase7,44,46,48,53, as the energy of
the associated antibonding levels is lowered. The experimental relative
slopes subsequently are: Cl 2p3=2 ! 7a�1: −1, Cl 2p3=2 ! 8t�2: −0.81
± 0.08, and C 1s! 8t�2: −0.47 ± 0.05 (to 95% confidence), which are also
shown in Table 3. The overlap of absorption features in the Cl L2,3-edge
static spectrum and the lower signal-to-noise, especially at the C K-edge,
leads to somewhat sizeable error bars. These slopes show a significantly
larger change for the Cl L-edge excitation energies along the normal mode
coordinate, compared to the C K-edge excitation.

These experimental extracted relative slopes can be compared to
absolute slopes from ROKS calculations. The computed absolute slopes for
core-excitation energies vs C-Cl symmetric bond stretch are Cl
2p3=2 ! 7a�1 : −11.13 eV Å−1, Cl 2p3=2 ! 8t�2: −8.81 eV Å−1, and C
1s! 8t�2 : −5.30 eV Å−1. The computed relative slopes for these states
therefore are: Cl 2p3=2 ! 7a�1:−1, Cl 2p3=2 ! 8t�2:−0.79, andC 1s! 8t�2:

−0.48, which agree very well with the experimental values (as shown in
Table 3).

Encouraged by the strong agreement between experiment and theory
for relative slopes, we apply the theoretical absolute values of CEPES slopes
to the experimentally extracted relative values, which yields estimated
experimental absolute slopes of Cl 2p3=2 ! 7a�1 : −11.13 eV Å−1, Cl
2p3=2 ! 8t�2 : −9.0 eV Å−1, and C 1s! 8t�2: −5.2 eV Å−1. Both experi-
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Fig. 3 | X-ray transient absorption following impulsive stimulated Raman scat-
tering. a, b Example time domain ΔOD (change in optical density) data at the Cl
L2,3-edges and C K-edge, respectively. Positive time indicates pump arriving before
probe. Positive (red) ΔOD signal indicates increased absorption, while negative
(blue) indicates less absorption. The long-lived positive signals arise from dis-
sociation products of CCl4

þ . Vibrational dynamics correspond to the oscillatory

signals that are most clear around 200–205 eV. c, d The time domain data is Fourier
transformed along the time axis at each energy. Only the ν1mode frequency is visible
at 450 cm−1 (with the pink dotted line aiding the eye). Other modes are not visible
above the noise at or around 218 cm−1, 791 cm−1, nor 310 cm−1 (ν2−4, respectively),
nor at the double of those frequencies. The positions of the vibrating electronic states
are shown in Fig. 2 as peaks 1, 2, and C1.

Table 3 | Slopes of core-excited potential energy surfaces
along the symmetric stretch

Core-Excited Potential Energy

Surfaces Slopes for ν1

Slope Experimental
Relative

Calculation
Relative

Calculation
Absolute (in eV Å−1)

Cl 2p3=2 ! 7a�1 −1 −1 −11.13

Cl 2p3=2 ! 8t�2 −0.81 ± 0.08 −0.79 −8.81

C 1s! 8t�2 −0.47 ± 0.05 −0.48 −5.30

The experimentally extracted slopes for CCl4, as compared to ROKS calculations.
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mental relative slopes have ~ 10% uncertainty, and if we assume that this
arises from equal percentage uncertainties for both the numerator and
denominator, we obtain the 95% error bars to be ±0.8 eVÅ−1, ±0.6 eVÅ−1,
and ±0.4 eVÅ−1, respectively, for the slopes of the three states.Wenote that
the assumption that all three absolute slopes have the same relative uncer-
tainty is not necessarily correct (especially considering the lower signal to
noise in theCK-edge region), but the relative errors in the individualCEPES
slopes are less than the ~ 10% error in the relative slopes, if the errors
between slopes of different states are uncorrelated.

From the estimates for the absolute slopes, the amount of nuclear
movement can also be estimated for each experimental data set. The
smallest symmetric bond stretch amplitude across all data sets was 0.0018Å
and the largest was 0.0045Å. These numbers seem very small, but they are
close to the numeric solution of the Schrödinger equation, which yielded
0.0075Å. The difference likely arises fromerrors in the expected intensity or
deviations in the pump pulse shape from a perfect Gaussian envelope or,
from an experimental perspective, the use of an incorrect pump pulse
temporal broadening in the extraction. These bond length changes result in
only ~ 0.05 eV changes in the absorption peak centers from the ground
state, but the resulting transient signal ismeasurable by the experiment. The
< 0.01Å pump induced bond stretch also indicates that the first-order
Taylor series approximation utilized in Eqn. (3) is likely valid, and higher
order terms in bond stretch likely have a negligible impact on the transient
X-ray absorption signal arising from vibrational dynamics of neutral CCl4.

It is also interesting to consider why the CEPES slopes for the Cl
2p3=2 ! 7a�1 and 2p3=2 ! 8t�2 states are much larger than the corre-
sponding slope for the C 1s! 8t�2 excitation. This can be possibly ratio-
nalized in terms of the composition of the antibonding orbital to which the
core-electron is being excited, as the core-excitation energy is expected to be
sensitive to this orbital. Subshell Löwdinpopulation analysis87 on the relaxed
orbitals obtained from ROKS indicate that the 7a�1 orbital of the Cl
2p3=2 ! 7a�1 excited state and the 8t�2 orbital of both the Cl 2p3=2 ! 8t�2
and C 1s! 8t�2 excited states are of ~ 33−37% carbon character and
~ 63−67% Cl character. The greater contribution from Cl to these anti-
bonding orbitals likely leads to the Cl 2p hole more strongly affecting the
core-excitation potential than a C 1s hole, leading to larger slopes for Cl
L-edge states than for the C K-edge states.We note that the Cl contribution
to the antibonding levels is not very different for the Cl 2p3=2 ! 7a�1 and
2p3=2 ! 8t�2 excited states, and therefore this heuristic thus does not
explain the 20% difference between the two Cl L-edge slopes. However, we
believe that the large differences in behavior between CEPES slopes arising
fromdifferent atom types in amolecule can be rationalized by an analysis of
the composition of the orbital to which the core-electrons are being excited,
post orbital relaxation in response to the formation of the core-hole.

The lack of signal from other vibrational modes
The Fourier transform of the experimental XTAS does not show any per-
ceptible signal associated with the normal modes other than the symmetric
stretch, despite all the modes being Raman active71–73. This behavior can
arise either from the center of the vibrational wavepacket not coherently
oscillating along asymmetricmodes, or from very small CEPES slopes along
these modes. We find both factors to be relevant for the present study.

CCl4 has no permanent dipole and possesses an experimental88 rota-
tional constant of 0.057 cm−1. The molecule consequently cannot rota-
tionally reorient within the duration of the 6 fs FWHM800 nmpump pulse
and thus experiences a spatially isotropic electric field EðtÞ that lowers the
energy by 1

2 αisoðfqigÞjEðtÞj2 (where αiso({qi}) is the isotropic polarizability).
Small bond stretches are induced by EðtÞ as the resulting increase in
polarizability89 can provide stabilization. It is however not possible for an
isotropic electric field to spontaneously break the Td symmetry of CCl4,

implying that dαiso
dqi

� �

fqig¼0
¼ 0 for the asymmetric modes. Ehrenfest’s

theorem85,86 therefore indicates that there is no field-induced force to dis-
place the center of the vibrational wavefunction along the asymmetric
modes, and ISRS cannot produce coherent oscillation of the wavefunction

center42 (see Supplementary Notes 2 and 3). This is confirmed by time-
dependent Schrödinger equation simulations utilizing the full polarizability
tensor (shown in Supplementary Note 4), which demonstrate that the
wavepacket center position 〈{qi}〉(t) only oscillates along the symmetric
stretch. ISRS can however produce oscillations in the spatial width of the
wavefunction along all normal modes, which occur at twice the normal
mode frequency.

In addition, we note that small displacements in the wavepacket center
along the asymmetric modes would nonetheless not lead to a strong
response in the XTAS for CCl4 because of degeneracies between core-
excited states that contribute to the spectral features. The C 1s! 8t�2
excitation is triply degenerate and the individual constituent states should
therefore possess CEPES forces along some asymmetric modes from the
Jahn-Teller effect90. However, the observed C1 peak in Fig. 2 would not
separate into three distinct, non-overlapping entities in the limit of small
asymmetric mode displacements and any observed shift in the peak center
position would represent an average over all three core-excited states. This
scenario also applies to the Cl L-edge, where the presence of 4 Cl atoms
similarly leads to a number of degenerate or nearly degenerate states that
contribute to the observed spectral features like Peaks 1 and 2 in Fig. 2. It is
possible for the individual states to have CEPES slopes of opposite signs
along asymmetric modes (e.g. an asymmetric stretchingmode elevating the
energy of one C 1s! 8t�2 state while reducing the energy of the other two),
leading to small average slopes and consequently small shifts in the peak
center energy.

To investigate effects of averaging CEPES slopes over (nearly) degen-
erate core-excited states, we have performednonrelativistic CEPES gradient
calculations with ROKS19,91 for all three C 1s! 8t�2 excitations and for all
twelve possibleCl 2p! 7a�1 excitations. Projecting these gradients ontounit
vectors along each normal mode direction shows that CEPES slopes aver-
aged over all C 1s! 8t�2 or Cl 2p! 7a�1 excitations are essentially zero
( ~ 0.03 eV Å−1 or smaller, as shown in Supplementary Note 5) along the
asymmetric modes. We do note that even though the average slope along
any asymmetricmode is quite small, individual C 1s andCl 2p excited states
may have substantial slopes along some modes. This could lead to time-
dependent changes in the width of XTAS features as the energies of the
constituent states move further apart (closer together) with displacement
from (towards) Td symmetry. Such effects should lead to signal at twice the
normal mode frequency, but were not experimentally detected above
the noise.

These issues raise an important question as to whether all vibrational
modes can be reliably measured with XTAS in general molecular systems.
In our view, a system with reduced symmetry where core-excitation
energies are well-separated ought not to show either of the previously
discussed issues. For instance, all the vibrational modes of a molecule like
CFClBrI will be totally symmetric (a symmetry) and the C 1s absorption
features will arise from nondegenerate core-level excitations. Such a
molecule would therefore be ideal for CEPES slope measurements with
XTAS subsequent to vibrational activation. Conversely, symmetric
stretching oscillations may cause the strongest signal by orders of magni-
tude in highly symmetric molecules, as was previously observed in ISRS-
XTAS measurements on the SF6 molecule53. It would nonetheless be quite
helpful to have a significant force/slope on the CEPES at the equilibrium
geometry, suggesting that core-level excitations involving antibonding
orbitals would be ideal targets.

Conclusions
In this work, the impulsive stimulated Raman scattering induced coherent
vibrations of CCl4 have been studied with X-ray transient absorption
spectroscopy, and linear slopes of the core-excited potential energy surfaces
along the totally symmetric bond stretching mode have been extracted.
Normalizing to the first state, these are Cl 2p3=2 ! 7a�1 : −1, Cl
2p3=2 ! 8t�2 :−0.81 ± 0.08, and C 1s! 8t�2 :−0.47 ± 0.05, which compares
well with theoretical values of −1, −0.79, and −0.48, respectively. Scaling
the experimental relative slopes to the theoretical absolute slopes give
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−11.1 ± 0.8 eV Å−1, − 9.0 ± 0.6 eV Å−1, and −5.2 ± 0.4 eV Å−1, respec-
tively. These slopes indicate a small ISRS induced totally symmetric bond
elongation of < 0.01Å, in conjunction with the experimentally observed
shifts in peak center energies ( ~0.05 eV). Displacements on this scale53 or
even smaller scales54were previously reported for SF6.The ability ofXTAS to
report on the dynamics arising from such small displacements indicates the
sensitivity of this approach for studying the X-ray potential response to the
dynamics of nuclearmotion, potentially permittingdetection of femtometer
scale changes.

The larger slopes for Cl L-edge excitations relative to the C K-edge
excitation is likely a result of the excited electron occupancy of the 7a�1=8t

�
2

levels that ROKS calculations indicate have a ~33% contribution from C
and ~66% contribution from Cl and thereby are more sensitive to the
presence of a Cl core hole. It would be interesting to explore whether similar
relationships between CEPES slopes can be observed in other molecules
where multiple different inner-shell edges can be probed.

We note that no XTAS signal from vibrational dynamics from other
normal modes of CCl4 is experimentally detected. This appears to be a
consequence of the ISRS process not displacing the center of the vibrational
wavefunction along these modes. It also appears that there is no or little
CEPES slope along the asymmetric modes after averaging over all (near)
degenerate core-level excited states that contribute to the observed spectral
features, leading to lackof transientX-ray signal under current experimental
conditions, which would also present issues in molecules of other symme-
tries with many degenerate orbitals. Less symmetric molecules with well-
resolved core-excitation energies at the equilibrium geometry would be
unlikely to have such issues and therefore are likely to reveal XTAS signals
corresponding to vibrational dynamics ofmanymoremodes. Strong XTAS
signal is particularly likely for species with low lying valence antibonding
orbitals like other halogenated molecules or conjugated organic species, as
excitations from core-levels to such orbitals are likely to lead to large CEPES
slopes at the equilibrium geometry.

Data availability
The Supplementary Information contains additional information about the
experiment and the time-dependent Schrödinger equation simulations, as
well as the results from these simulations (PDF). The computed X-ray
absorption energies at various (symmetric) bonddistances thatwere used to
obtain the computed slopes are also provided (Supplementary Data 1,
XLXS). The ground state equilibrium geometry, the molecular orbitals
optimized by ROKS at this geometry, and the results of the the time-
dependent Schrödinger equation simulations have been made publicly
available via Zenodo92.

Code availability
The code for the time-dependent Schrödinger equation simulations have
been made publicly available via Zenodo92.
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