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Ultrafast geometrical reorganization of a methane
cation upon sudden ionization: an isotope effect
on electronic non-equilibrium quantum
dynamics†

Cayo E. M. Gonçalves,a R. D. Levineb and F. Remacle *ab

The ultrafast structural, Jahn–Teller (JT) driven, electronic coherence mediated quantum dynamics in

the CH4
+ and CD4

+ cations that follows sudden ionization using an XUV attopulse exhibits a strong

isotope effect. The JT effect makes the methane cation unstable in the Td geometry of the neutral

molecule. Upon the sudden ionization the cation is produced in a coherent superposition of three elec-

tronic states that are strongly coupled and neither is in equilibrium with the nuclei. In the ground state

of the cation the few femtosecond structural rearrangement leads first to a geometrically less distorted

D2d minimum followed by a geometrical reorganization to a shallow C2v minimum. The dynamics is

computed for an ensemble of 8000 ions randomly oriented with respect to the polarization of the XUV

pulse. The ratio, about 3, of the CD4
+ to CH4

+ autocorrelation functions, is in agreement with experi-

mental measurements of high harmonic spectra. The high value of the ratio is attributed to the faster

electronic coherence dynamics in CH4
+.

1. Introduction

The ground state (GS) of the methane cation is unstable in the
Td geometry that corresponds to the equilibrium geometry of
the neutral molecule. Sudden ionization of the neutral
methane molecule produces a methane cation in the Td

geometry that corresponds to the equilibrium geometry of the
neutral molecule. The Jahn–Teller (JT) effect causes an immedi-
ate structural rearrangement of the nascent cation. The sudden
ionization leads to a superposition of the three electronic states
that are degenerate in the Td geometry. An ultrafast, few
femtosecond (fs), non-adiabatic dynamics triggered by the JT
effect therefore sets on right after the ionization when the
non-equilibrium electronic density resulting from the initial
coherent superposition of electronic states is still localized in
the Franck–Condon region. We investigate how the spatio-
temporal localizations of the non-adiabatic amplitude transfers
are mediated by the ultrafast electronic coherences resulting
from the sudden ionization. This ultrafast coupled electronic–

nuclear dynamics makes the structural nuclear rearrangement
a test case for the role of electronic coherences in attochemistry.1–9

The first 2–3 fs of the rearrangement of the methane cation
has been experimentally probed by high harmonic generation
(HHG) spectroscopy.10,11 A strong isotopic effect on the CD4/
CH4 harmonic spectra has been reported, with CD4 leading to a
higher yield in emitted harmonics than CH4 by about a factor of
3 after 1.6 fs.10,11 The proposed explanation was that because of
the slower motion of the nuclei, the time autocorrelation
function, |C(t)|2, of the initial state, |C(0)i, defined as |C(t)|2 =
|hC(0)|C(t)i|2, falls more slowly for CD4

+ than for CH4
+ at the

time when the electron recollides with the cation.12 In addition,
the isotope effect in CD4/CH4 was found to be larger than that
in D2/H2, which is not simply consistent with the changes in
reduced mass.

We report here a computational study on the early, few fs,
time structural quantum dynamics in CH4

+ and CD4
+ upon

sudden ionization using an XUV attopulse. Our aim is to
determine the sequence of primary changes and whether the
electronic coherences resulting from the sudden ionization
play a role in the large ratio of the autocorrelation functions
of CD4

+ and CH4
+. The Franck–Condon (FC) region is centered

on the Td geometry of the ground state of the neutral molecule,
a geometry that is unstable in the cation. The equilibrium
geometry of the cation ground state corresponds to a very
shallow C2v minimum that is quasi-degenerate with a D2d

minimum.13–16 Is the less distorted D2d configuration
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populated before the C2v minimum in the very early time
dynamics? This is physically reasonable since only the HCH
angles need to be significantly modified during the Td to D2d

rearrangement which requires a smaller structural distortion.
What is the role of the non-equilibrium dynamics and of the JT
non-adiabatic coupling (NAC) in the large isotope effect on the
high harmonic yields as measured experimentally?10,11 Is there
indeed clear evidence for a role of non-equilibrium electronic
density in the very early times?

In the passage to the D2d geometry the four C–H bond
lengths essentially remain equal and only the valence HCH
angles change with respect to the Td geometry of the neutral
molecule, while in the C2v geometry, both angles and bond
lengths are substantially modified, see Fig. 1A. The C2v and D2d

geometries are in the vicinity of the FC region that is defined by
the ground vibrational state of the neutral molecule in its
equilibrium geometry, as shown in Fig. 1B.

Patchkovskii17 related the large isotope effect observed in
the high harmonic yields of the methane cation compared to
that of D2/H2 and its effect on the decay of the autocorrelation
function, |C(t)|2, to the steepness and the change in curvature
of the potential energy surfaces (PES) around the JT unstable
geometry. The structural rearrangement of early time JT
dynamics in CH4

+ and CD4
+ has been studied using a quasivi-

bronic coupling scheme18 for the 3 lowest excited states by
Mondal and Varandas up to full 9 nuclear dimensions14–16

within the Condon approximation, assuming photoionization
matrix elements independent of the nuclear geometry and
neglecting the dependence of the ionization yields on the
orientation of the electric field. These computations allow
identifying the key role of the e and t2 vibrational normal
modes of the Td geometry in the distortion leading to the C2v

minimum as well as the role of the t2 mode in the distortion
leading to the D2d minimum. They confirm the ultrafast time
scale of the isotope effect experimentally observed10,11 and

point to the fact that it is important to at least include the e
and t2 normal modes to realistically describe the short time
dynamics up to 1.6 fs.14 The HHG spectra reported by Madsen
et al.19 also confirm the involvement of the same modes.
Section 2 discusses the new features in our numerically accu-
rate quantum dynamical computation.

2. Results and discussion

Our quantum dynamical results reveal that in the cation
ground state (GS) the D2d basin is populated before the C2v

one. The strong isotopic effect in the early 1–2 fs dynamics is
found to be related to electronic coherences and ensuing
amplitude transfers from the 1st (D1) and 2nd (D2) excited
states to the GS (D0) of the cation. These results are robust
against averaging the quantum dynamics over an ensemble of
8000 initial states that span the FC region in the three lowest
excited states determined from the sudden ionization of mole-
cules randomly oriented with respect to the polarization of the
XUV pulse.

2.1 Multi-state ensemble quantum dynamics on a 2D grid

To investigate the dynamics, we solve the time-dependent
Schrödinger equation on a 2-dimensional nuclear coordinate
system for the three lowest states of the methane cation that are
non-adiabatically coupled due to the JT effects (see Computa-
tional methods in the ESI† for more details). The two coordi-
nates, q1 and q2, are defined as a linear combination of
Cartesian displacements (see Table S1, ESI†) that lead to the
specific C2v (q1) and D2d (q2) minima shown in Fig. 1B and
include small distortions in order to span the NAC seams.

The q1 coordinate has significant amplitudes on the compo-
nents of the two t2 and e modes involved in the JT distortion
and the q2 coordinate has components of the e mode (see Table
S2 of the ESI†). In addition, both coordinates have small
amplitudes in the a1 mode. Outside of the Td geometry in the
FC region, q1 and q2 have amplitudes in the normal modes of
the C2v and D2d forms involved in the NAC seams, see Tables S3
and S4 of the ESI.† The coordinates q1 and q2 therefore capture
the motions along the e and t2 normal modes of Td identified
in ref. 14 to be crucial for describing the short time dynamics.

The electronic structure at each grid point is computed at
the SA-CASSCF (9,8)/6-31G++(2df,2pd) level for the three lowest
states of the cation and CASSCF (10,8)/6-31G++(2df,2pd) for the
GS of the neutral using MOLPRO.20 The computed vertical
ionization energy to the Td point is 13.61 eV. In the cation
GS, the C2v minima correspond to the lowest energy, and the
D2d minimum is 0.2837 eV above in agreement with ref. 13, see
Tables S5–S7 (ESI†) for the equilibrium geometries. The three
potential energy surfaces (PES) on the 2D grid are shown in
Fig. 1B (see also Fig. S1 for isocontour plots in the ESI†). The
three PES have very different steepnesses around the Td

geometry. The gradient around the Td geometry is steeper for
the GS than for the D1 state, while the minimum of the D2 state
coincides with the Td geometry and the D2 PES is very steep

Fig. 1 (A) Geometries of the GS of the cation: Td geometry and the
orientation of the body frame, and D2d and C2v equilibrium geometries.
(B) A 3D plot of the 2-dimensional PES of the three lowest electronic states
of the cation: Green, GS; blue, first excited state, D1; red, second excited
state, D2, together with the GS of the neutral molecule (grey). The plot is
vs. two reduced coordinates: q1, pointing to the C2v minimum; and q2,
pointing to the D2d minimum of the GS cation.
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around the minimum. The minima corresponding to C2v and
D2d in the GS occur in a very shallow region of the potential,
while the D1 minima are localized close to the NAC seams. In
the GS, in addition to the two wells that correspond to slightly
distorted D2d and C2v geometries at (�1.4,0) and (0,�1.12),
respectively, there is also a third minimum close to a Cs

symmetry at (1.08,1.26). We describe the geometry on a grid
using 146 grid points for q1 and 184 for q2, which leads to
26 864 grid points per electronic state. See the ESI† for more
details. Our aim here is to provide a realistic description of the
initial state of the cation resulting from a sudden ionization
process induced by XUV pulses with different energies, taking
into account the orientation of the molecule with respect to the
polarization direction of the ionizing pulse, see Sections 2.2
and 2.3. Since it is not possible with present computational
resources to define the initial states and solve the time-
dependent Schrödinger on a grid for the full dimensionality
of the nuclear motion, we define the two coordinates q1 and
q2 that allows capturing the essential features of the nuclear
dynamics in the first dozen of fs of the dynamics.

2.2 Sudden photoionization and initial state non-equilibrated
electronic density

The definition of a realistic initial state is a crucial point in
determining the short time dynamics resulting from the sud-
den photoionization of the GS of the neutral molecule. We use
a sudden approximation which is justified by the short, sub-fs,
duration of the pulse and the fact that XUV attopulses are weak
so that only one photon absorption can occur. For such
weak, attosecond, few cycle pulses, it is therefore a good

approximation to consider that the maximum of the ionization
occurs at the maximum of the electric field and to neglect the
electronic and nuclear dynamics during the pulse. An extreme
level of the sudden approximation is to assume that the sudden
ionization process creates a hole in one of the molecular
orbitals of the neutral molecule. It has been used in early
studies of charge migration.6,21–23 Here we compute explicitly
all the photoionization amplitudes that define the coherent
superposition of the electronic states24–26 for each grid point in
the Franck–Condon region. We therefore take into account the
strong variation of the photoionization cross sections to
the three electronic states of the cation as a function of the
geometry in the FC region of the neutral ground state. In
addition, typically, experiments are done for randomly oriented
molecules with respect to the polarization of the ionizing pulse.
We therefore average the quantum dynamics over an ensemble
of orientations with respect to the electric field.

At each point, g, of the 2D grid, the amplitudes of the initial
states in the three electronic states of the randomly oriented
CH4

+/CD4
+ ions, cmig, are defined as the photoionization ampli-

tude to electronic state i weighted by the neutral vibrational

ground state cneut
GS,g: cmig ¼ cneutGS;g

ffiffiffiffiffiffiffiffiffi
r eð Þ

p
ê:deig, see the ESI† for the

details. In cmig, m represents a given orientation, êm = Em/|E|, of

the electric field of the ionizing pulse with respect to the
laboratory frame shown in Fig. 1A and ig is the index notation
for electronic state i and grid point g. de

ig is the transition dipole
from the GS of the neutral to the continuum of the ith
electronic state at grid point g integrated over the solid angle

Ô, with e being the kinetic energy of the photoelectron com-
puted at grid point ig. r(e) is the density of photoelectron states.

Fig. 2 Heatmaps of the angularly resolved photoionization yields plotted separately for each electronic state (
P
g

cmig

���
���
2

with i = GS, D1 and D2) computed

for CH4
+ and two carrier frequencies of the ionization XUV attopulse (hn9 = 13.95 eV and hn11 = 17.05 eV). The heatmaps are computed by drawing

8000 random orientations, êm, of the electric field. (X,Y,Z) represent the Cartesian coordinates of the unit vector êm = Em/|E| with respect to the body
frame shown in Fig. 1A. Note how for the D2 state the yield is very small for the 9th harmonic, while it is comparable to the lowest states for the 11th one.
See Fig. S2 of the ESI† for the photoionization yields of CD4

+.
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The norms of the initial states, cmj j2¼
P
ig

cmig

���
���
2

; are proportional

to the total angularly resolved photoionization yields. The
computed photoionization angular maps are plotted for CH4

+

in Fig. 2 separately for each electronic state. The plot is a
heatmap on the unit sphere.

In order to investigate the role of the multistate dynamics in the
isotope effect, we selected two carrier frequencies of the ionizing
XUV attopulses: 13.95 and 17.05 eV. These frequencies correspond
to the 9th and 11th harmonics of the XUV attopulses that can be
produced by HHG with 800 nm laser pulses: hn9 = 13.95 and hn11 =
17.05 eV respectively. Photoionization using the hn9 pulse builds a
non-stationary wave packet on the cation with 54% population in
the GS, 41% in the D1 state and a small amount of population in D2
(5%). On the other hand, all three states of the cation are accessed
using the hn11 pulse, which leads to 26% of the population in the
GS, 37% in D1 and 37% in D2. Overall, the total ionization yield for
the hn11 pulse is 14% higher than that for the hn9 one. There is no
significant difference in the main features of the angularly resolved
yields computed for CD4

+ shown in Fig. S2 of the ESI,† since the
energetics of the electronic states are the same for the two ions and
the total yields in the three electronic states are in the same ratios.
However, the isotope substitution affects the spreading of the
ground vibrational state of the neutral molecule which is narrower
in the case of CD4

+. This leads to a smaller extension of the FC
region for CD4

+. As we discuss below, this isotope effect has
important consequences for the localization of the initial states
and the subsequent multistate dynamics.

The vectors, cm, of the initial states on the grid define an

ensemble with a density matrix rens(0), rens 0ð Þ ¼
PM
m

rm 0ð Þ ¼

PM
m

cmc
y
m; which is the sum of the M pure case density matrices,

rm(0). M is the number of orientations of the electric field of the
ionizing pulse with respect to the laboratory frame shown in Fig. 1A.
M needs to be quite large in order to get an accurate sampling of the
orientations. We use M = 8000 for computing the heatmaps shown
in Fig. 2. We demonstrate in the Computational methods of the
ESI† that the ensemble density matrix rens(0) is very rank deficient
and possesses only three non-zero eigenvalues. Its spectral repre-

sentation then takes the form: rens 0ð Þ ¼
P3

r¼1
or

2srs
y
r : This feature

leads to a considerable saving of computer time for getting an
accurate ensemble averaging of the quantum dynamics over orien-
tations. The time evolution of each component, rm(0), of the
ensemble density matrix is unitary and therefore the ensemble
density matrix, rens(0), will also evolve under a unitary transforma-
tion. To describe the ensemble dynamics, it is therefore numerically
strictly equivalent to solve the time-dependent Schrödinger equation
on the grid for the three eigenvectors sr, r = 1, 2, 3, of the ensemble
density matrix that correspond to non-zero eigenvalues or to solve it
for the 8000 cm vectors. More details can be found in Computational
methods of the ESI.†

We show in Fig. 3 the initial localization in the Franck–Condon

region of the diagonal elements of rens(0), rens 0ð Þ½ �ig;ig¼
P
m

cmig

���
���
2

on the 2D grid points g separately for the three electronic states,
i = GS, D1 and D2, computed for CH4

+ for the two wavelengths of
the ionizing pulse, hn9 in the top row and hn11 in the bottom one.
The localization patterns of the initial state in each electronic state
exhibit the same features for the two pulses, but the initial states
obtained for the hn11 pulse are more spread. The localization of

Fig. 3 Heatmaps of the initial population at each grid point, [rens(0)]ig,ig in each electronic state i = GS (left), D1 (middle) and D2 (right), computed for
CH4

+ for the hn9 (top row) and hn11 (bottom row) pulses. See Fig. S3 (ESI†) for CD4
+.
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the initial state is asymmetrically distributed along the q1 = q2

diagonal for the GS and the D2 state. The initial localization in the
GS (left column in Fig. 3) has a larger extension in the lower
diagonal part, towards the C2v region at (�1.4,0) (q1,q2) coordi-
nates, while for the D2 state (right column), the initial state has a
larger extension in the upper diagonal part, towards the D2d

minimum at (0,�1.12). The localization in the D1 state tends to
be more evenly distributed between the two regions. The same
patterns are observed for CD4

+ shown in Fig. S3 (ESI†), but overall
the initial density is more localized around the Td region because
the CD4 neutral vibrational ground state is less spread around the
Td geometry due to the mass effect.

2.3 Dynamics of the ultrafast Jahn–Teller nuclear
rearrangement to D2d and C2v

The time evolution of the total population in each electronic
state averaged over the ensemble is shown in Fig. 4A and B for
ionization with the hn9 and hn11 pulses, respectively, in full
lines for CH4

+ and in dashed lines for CD4
+. The GS and the D1

state are about equally accessed using the hn9 pulse with only a
small fraction (5%) in the D2 state. The population transfers
between the three states are rather monotonic with very little
differences between the two isotopes, and a smooth decay from
the D1 state to the GS, while the D2 state remains mostly
decoupled from the two lowest ones during the first 24 fs
dynamics. On the other hand, for the hn11 pulse, the three

electronic states are about equally accessed by the sudden
ionization process. There is a rich non-adiabatic dynamics
between the three states at early times, with large amplitude
oscillations of the populations in the D1 and D2 states and a
more monotonic increase of the population in the GS. The wave
packets are moving over the grid with rates determined by the
gradients of the potentials, which, as can be seen from Fig. 1B
and Fig. S1 (ESI†), are very different: The minima in the GS are
very shallow. The gradients are larger in D1 and D2. The wells
in D1 are deeper and located in the close vicinity of the NAC
seams. D2 has a single deep well in the Td region where the
non-adiabatic couplings are the largest, see Fig. S4 (ESI†).
These topologies of the D1 and D2 PES favor efficient popula-
tion transfer from the two higher states to the GS. The oscilla-
tions of the populations do not occur with a definite period
because of vibrational coherences on each potential energy
surface and of the complex dynamics of the electronic coher-
ences between the three states shown in Fig. S5 (ESI†). The
periods of the electronic coherences are given by the energy
difference between the two states involved and vary with the
localization of the wave packets on the grid. Their amplitudes
are modified by the transfers between the states in the NAC
region couplings. Heatmaps of the NAC matrix elements on the
grid, tij(g), are shown in Fig. S4 (ESI†). One can see that NAC
seams form a dense network of regions of efficient amplitude
transfer. Overall the periods of the oscillations in the

Fig. 4 (A and B) Early time population dynamics of CH4
+ (full lines) and CD4

+ (dashed lines) computed for sudden ionization with the hn9 pulse (panel A)
and the hn11 pulse (panel B) in the three electronic states of the cation (GS: green, D1: blue and D2: red). (C and D) Populations of the grid point
corresponding to the D2d (red) and C2v (green) minima of the GS computed for CH4

+ and CD4
+ with the hn9 pulse (panel C) and the hn11 pulse (panel D).
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populations plotted in Fig. 4B for the hn11 pulse are about
3 fs in CH4

+ (full lines) and longer in CD4
+ (dashed lines),

for which they are between 4 and 6 fs. After E15 fs, the non-
adiabatic transfers are more monotonic and the isotopic
effect is less pronounced. When a wave packet involving
several electronic states reaches a NAC region, one can
show algebraically that the population transfers are gov-
erned by the electronic coherences.27 Such a strong iso-
topic effect on the population transfers due to NAC driven
by electronic coherences has already been reported for
N2

28–30 and LiH.31

The time scale and the efficiency of the transfers to the D2d

and C2v regions of the GS on the grid result from the interplay
between the localization of the initial states resulting from the
sudden ionization shown in Fig. 2, the motion of the wave-
packets in the ground state of the cation and the network of
NAC seams shown in Fig. S4 (ESI†) that allow transfer from the
D1 and D2 states. As we show in Fig. 2, the localization of the
initial state in the GS is skewed towards the D2d region, while it
is more evenly spread in the D1 electronic state and skewed to
the C2v region in D2. On the other hand, the localization of the

network of NAC seams (Fig. S4, ESI†) does not favor one
minimum or the other.

The populations of the grid points that correspond to the C2v

and D2d minima of the GS are plotted in Fig. 4C and D for
ionization with the hn9 and hn11 pulses respectively. One clearly
sees that the D2d minimum (red) is visited first by the wave
packet with a maximum at 4 fs for CH4

+ and 7 fs for CD4
+. This

occurs before the increase in the C2v minimum grid point and
the concomitant decay in the D2d one. One does not observe a
significant difference in the increase of population in the D2d

minimum for ionization by the hn9 or hn11 pulses, which
suggests that the early population of the D2d minimum results
from the GS dynamics. This is supported by the fact that,
comparatively, the maximum of population in the D2d mini-
mum is about half for the hn11 pulse (Fig. 4D) than for the hn9

pulse in agreement with the smaller population in the GS for an
ionization with the hn11 pulse. The respective increases in
the D2d and C2v minima are delayed for CD4

+ at E5 fs and
E12–13 fs compared to E1.5 fs and 5 fs for CH4

+. We show in
Fig. S6 (ESI†) the populations computed in larger regions
(25 points) around the two minima which represent E5 to

Fig. 5 (A) The square modulus of autocorrelation function, |C(t)|2, on a log-linear scale, computed for the hn9 pulse in violet and for the hn11 pulse in
orange, CH4

+ in full lines and CD4
+ in dotted lines. (B) Long time small recurrences of |C(t)|2 on a linear scale. (C) The |C(t)|D

2/|C(t)|H
2 ratios for the hn9

(violet) and the hn11 pulse (orange) at short times, computed including the GS–D2 and D1–D2 coherence terms (full lines) and without them (dashed
lines). (D) The |C(t)|D

2/|C(t)|H
2 ratios at longer times.
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10% of the population in the GS. For these larger regions, the
population in the D2d region clearly increases before that in the
C2v region too. For completeness, in Fig. S6 (ESI†), we also
added the population in a region of 25 grid points in the Cs

minimum. One can see that the onset of the increase of
population in this minimum is intermediate between those of
the D2d and C2v regions.

2.4 Electronic coherence mediated isotope effect

The square moduli of the autocorrelation functions of the
initial states, |C(t)|H

2 and |C(t)|D
2, are plotted in Fig. 5A on a

log-linear scale. As expected, because of the mass difference,
the initial decay of |C(t)|D

2 is slower than that of |C(t)|H
2 and

the decay rates out of the initial state are very similar for the two
pulses up to 1.5 fs. After 3 fs, the initial decay is over and the
overlap of the wave packet with its initial location is very small.
The small amplitude recurrences of |C(t)|H

2 and |C(t)|D
2 at

longer times are shown in Fig. 5B. As shown explicitly by

eqn (1), the autocorrelation function of the initial state is an
observable that is sensitive to the electronic coherences:

C tð Þj j2 ¼
X3

i¼1

X

gg0
cig 0ð Þcig tð Þcig0 0ð Þc�ig0 tð Þ

þ
X3

i; jai

X

gg0
cig 0ð Þcig tð Þcjg0 0ð Þc�ig0 tð Þ (1)

where i, j = GS, D1 and D2. The |C(t)|D
2/|C(t)|H

2 ratio is plotted
in Fig. 5C for short times, from 1 to 1.6 fs, for the two ionizing
pulses, hn9 in violet and hn11 in orange, with (full lines) and
without (dashed lines) including the coherence terms that
involve the D2 state (GS–D2 and D1–D2) in eqn (1). The longer
time behavior of the ratio is shown in Fig. 5D.

One can see from Fig. 5C and D that the value of
|C(t)|D

2/|C(t)|H
2 oscillates and |C(t)|D

2/|C(t)|H
2 can reach large

values, much larger than the E1.5 ratio that is expected from
the mass effect. Such large values are also reported in ref. 14.

Fig. 6 Snapshots of the localization of the real part of the GS–D2 electronic coherence (left CH4
+, right CD4

+) computed for the hn11 pulse. Top row: t = 1 fs,
middle row: t = 1.4 fs, bottom row: t = 1.6 fs. Note how the GS–D2 coherence delocalizes towards D2d for CH4

+, while it has not migrated yet out of the FC region
for CD4

+.
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The oscillating patterns in Fig. 5D are governed by the
oscillations of the electronic coherences (see also Fig. S5 and
S6, ESI†). The faster increase of the computed |C(t)|D

2/|C(t)|H
2

ratio for the hn11 initial state in the range 1 to 2 fs and its larger
amplitude oscillations at 2, 4.5 and 8 fs (Fig. 5D) can be traced
to the large amplitude of the GS–D1, GS–D2 and D1–D2
electronic coherences shown in Fig. S5 (ESI†), which are
delayed for CD4

+ compared to CH4
+. More specifically, the

comparison between the computed value of the ratio including
and not including the D2 coherent terms in eqn (1) in Fig. 5C
and D shows that the |C(t)|D

2/|C(t)|H
2 ratio is strongly influ-

enced by the electronic coherences that involve the D2 state.
The longer period of the GS–D2 coherence in CD4

+ leads to
maxima at 2 and 4.5 fs in the |C(t)|D

2/|C(t)|H
2 ratio (Fig. 5D),

while there is only one broad peak with a maximum at 3 fs for
the ionization using the hn9 pulse.

Fig. 5C shows the behavior of the |C(t)|D
2/|C(t)|H

2 ratio in the
time range for which the experimental harmonic yield ratio was
reported in ref. 10. For the hn11 pulse, the computed ratio
(orange) is in excellent agreement with the ratio of the yields in
high harmonics reported in ref. 10. It is equal to 1.7 at 1 fs
compared to an experimental value of the ratio of harmonic
yields of 1.75, and at 1.6 fs, the computed ratio is 2.6 compared
to a value of 3 for the ratio of the harmonic yields. The
agreement is less good for ionization with the hn9 pulse, with
a computed value of E1.5 for the entire range [1,1.6] fs. This
suggests that the very early time non-equilibrium electronic
dynamics involving the three electronic states of the cation
plays a crucial role in leading to a large isotope effect at short
times and strongly depends on the initial state created by the
ionization process. While the initial state of the cation in ref. 10
results from tunneling ionization, we here report results for an
initial state resulting from a photoionization process which
allows controlling the initial population in each electronic state
by varying the photon energy. Since for the ionization using the
hn11 pulse, there are similar amounts of population in the three
states, the fast oscillations of the GS–D2 coherence have a large
amplitude, while the amplitude of the GS–D2 coherence is very
small for the hn9 pulse for which the population in the D2 state
is very small. The first oscillation of the GS–D2 coherence
decays faster for CH4

+ than for CD4
+ in the first 2 fs of the

dynamics of the decay of the autocorrelation functions of the
two isotopes which leads to the higher ratio, |C(t)|D

2/|C(t)|H
2, of

the initial state created with the hn11 pulse. Snapshots of the
localization of the real part of the GS–D2 electronic coherence,
r02,g(t), on the grid are plotted in Fig. 6 for CH4

+ and CD4
+ for

ionization with the hn11 pulse. One clearly sees the faster
delocalization of the GS–D2 electronic coherence to the D2d

region by E1.6 fs for CH4
+, while it has hardly moved out of the

FC region for CD4
+. The GS–D1 and D1–D2 electronic coher-

ences also visit the D2d region at very short times, before 4 fs.

3. Conclusions

Sudden photoionization produces a methane cation in the
equilibrium geometry of the neutral molecule as a coherent

superposition of three distinct electronic states. These adia-
batic states are coupled by a Jahn–Teller distortion. Quantum
mechanical dynamical computations on accurate potential
energy surfaces and couplings show that electronic coherences
play a key role in the early time evolution of the coupled
electronic–nuclear states. In particular, the rate of population
transfer is governed by the coherence terms,27 which leads to
an isotope effect on the dynamics between the electronic states
larger than the one expected on the basis of the mass ratio. We
already reported such a strong effect for the isotopomers of the
diatomic molecules N2

28–30 and LiH.31 This results in a sig-
nificant isotopic difference between CH4

+ and CD4
+, which is

robust when averaged over random orientations of the mole-
cule with respect to the polarization of the photoionizing pulse.
The magnitude of the effect on the ratio of the autocorrelations
for a photon energy of the ionizing pulse that significantly
populates the D2 state is comparable to that reported experi-
mentally using high harmonic generation spectroscopy10 for a
tunneling ionization process. The dynamics are computed by
averaging over an ensemble of 8000 different initial conditions
corresponding to the orientation of the neutral molecule with
respect to the laser pulse. There are, however, just three
principal components to that ensemble and propagating them
allows for a computationally efficient implementation.

The strong isotope effect in the early 1–2 fs dynamics is
shown to be related to electronic coherences whose spatial and
temporal localizations govern the amplitude transfers from the
D1 and D2 excited states of the cation to specific regions of the
GS cation potential. In the ground state the shallow basin
around the less distorted D2d geometry is accessed first and is
followed by a rearrangement into the C2v geometry where both
the bonds and the angles are modified. The D2d geometry is
established by about 4 fs for CH4

+ and at 8 fs for CD4
+. Primarily

this is due to the variations of the photoionization matrix
elements with the geometry of the ground state in the
Franck–Condon region that lead to different localizations of
the initial state resulting from the sudden photoionization
process. Such ultrafast electronic and structural rearrange-
ments in cations ionized to multiple interfering channels are
ideally probed by HHG spectroscopy,1,32,33 which provides the
needed sub- to few-fs time resolution. Recent developments in
3D two electron angular streaking34 and time-resolved X-ray
transient absorption spectroscopy5,35–38 could also shed light
on such ultrafast processes.
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