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We show that the quantum force that the electrons in a molecule exert on the nuclei remains local even
in the presence of strong nonadiabatic interactions. At every geometry, the total force is the sum of a
potential gradient term driven by the local population and a nonclassical, nonadiabatic force driven by
the local electronic coherence. On the nonadiabatic seams, the nonadiabatic force competes effectively
with the potential terms. Following a sudden photoionization, we show how the nonadiabatic component
of the local force drives the dynamics of the structural Jahn-Teller rearrangement of the methane cation
toward the C,, geometry using 2 effective nuclear coordinates and 3 coupled electronic states for either
CHZ or CDZ. Toward the progress in reaching shorter femtosecond resolution in time-resolved x-ray and
electron diffraction experiments, our work provides a quantitative understanding and pictorial visualization
of the local forces that drive ultrafast molecular rearrangement and chemical reactivity with a special
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reference to the role of electronic coherences and nonadiabatic couplings.

Introduction

The availability of short attosecond and few femtosecond extreme
ultraviolet (XUV), ultraviolet (UV) and near-infrared (NIR)
pulses [1-3] has shed new insights on the dynamics of ultrafast
structural molecular rearrangements. Because of their inherent
width in energy, ultrashort laser pulses access a coherent set of
excited electronic states of molecules. Therefore, nonadiabatic
couplings (NACs) between the accessed excited states are cen-
tral in the redistribution of valence electrons that drives struc-
tural rearrangements of the nuclei. The recent developments
in time-resolved X-ray and electron diffraction provide fem-
tosecond time resolutions [4-10] and have been demonstrated
to be sensitive to excited electronic states dynamics [11-13].
In this paper, we demonstrate theoretically that one can discuss
an exact expression for the total quantum force exerted on the
nuclei by a vibronic wave packet in the presence of nonadiabatic
interactions. The quantum dynamics is run for an ensemble of
initially randomly oriented molecules with respect to the polar-
ization direction of the pulse. Our formalism leads to a straight-
forward expression of the vibronic force for every molecular
geometry of a multidimensional grid in reduced nuclear coor-
dinates and coupled electronic states. We show that the total
force islocal at every molecular geometry represented by a point
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in the multidimensional grid of reduced nuclear coordinates
and made of 2 terms: a potential gradient term driven by the
local population in each electronic state and a nonclassical, non-
adiabatic term driven by the local electronic coherences. The
direction and magnitude of the potential gradient and non-
adiabatic terms of the force are a property of the molecule. They
are defined for the molecular geometry that corresponds to
each grid point and result from the topology of the potential
energy surfaces and derivative NACs. We show that the mag-
nitudes of the 2 terms of the force are modulated by the local
populations and by the electronic coherences at each grid
point, which can be controlled by shaping the multielectronic
state vibronic wave packet by the parameters of the exciting
ultrashort pulse.

We illustrate our approach by simulating quantum dynami-
cally the ultrafast Jahn-Teller (JT) rearrangement of the meth-
ane cation [14] upon sudden photoionization of the neutral to
the 3 lowest states of the cation by an attosecond XUV pulse.
Early high harmonic spectroscopy experiments demonstrated
a strong isotope effect [15] on the JT rearrangement taking
place in the first 1.5 fs after a sudden ionization. This early work
triggered several dynamical theoretical studies [16-21], which
investigated the ultrafast structural dynamics in the 3 lowest
states of the cation, from the unstable T; to D,, to the C,,
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equilibrium geometry on Dyand the strong isotope effect. More
recently, attosecond transient absorption at the carbon K edge
combined with theoretical modeling shed light on the steps of
the rearrangement [22,23]. A time-resolved Coulomb explosion
imaging experiment demonstrated the role of a C;, geometry in
the relaxation path leading to H loss, while the C,, distortion
leads to H, loss [24]. We focus here on the role of the nonadia-
batic terms of the force that drive the structural rearrangement
and on the strong isotope effect on the nonadiabatic dynamics.
We compare the role of the forces on the nuclei due to the NAC
in CH} and CD} and show that they steer different dynamics of
the structural rearrangement to the D, ;and C,, geometries. This
example demonstrates the important role that the forces on the
nuclei due to the NAC can play in steering the nuclear dynamics
and the key role of the electronic coherences that are driving
them. The difference in the quantum force dynamics that lead to
the structural rearrangement in CH}; and CD}} provides the foun-
dation for designing control schemes based on selectively exciting

electronic coherences with a short femtosecond pulse.

Theory and Modeling

Ensemble quantum dynamics

The quantum dynamics is run for the 3 lowest, nonadiabatically
coupled electronic states of the cation, Dy, D;, and D,, which
are degenerate at the T; geometry. We use 2 reduced nuclear
coordinates, Q, and Q,, as in our previous work [20]. These coor-
dinates are defined to describe the structural changes from the
T, through approximate D,; geometries toward the C,,, mini-
mum on Dy (see Fig. 1). They are constructed as linear combina-
tion of Cartesian displacements along the JT active vibrational
modes of the methane cation. Specifically, Q,primarily drives
the distortion toward the C,, minimum on the D, potential
energy surface of the cation, involving both bond-angle and
bond-length rearrangements. On the other hand, Q, describes
motion toward the D,; minimum, which mainly involves angular
distortions. These coordinates therefore provide a reduced yet
physically transparent representation of the early-time nuclear
dynamics, capturing the dominant e and £, normal mode distor-
tion responsible for the ultrafast JT rearrangement. A detailed
definition of these coordinates in terms of Cartesian displace-
ments and their decomposition into normal modes is provided
in [20] and in the Supplementary Materials.

The electronic structure on the grid is computed at the level
[SA3-CASSCEF (7¢,8MO) 6-311G (d,p)]. The calculated vertical
ionization energy to the T,; geometry is 13.59 eV, in good agree-
ment with experimental values. This energy is 1.45 eV above
the C,,;, global minimum marked in dark blue, located in the
(— Qp+Q,) quadrant (see Fig. 1A). The second, C,,, ,, minimum
sampled on the grid is located in the (+ Q;,+ Q,) quadrant and
0.158 eV above the C,, , global minimum. It is marked in green
in Fig. 1A. The metastable D,; minimum, marked in red, is
located in the (+Q;,— Q,) quadrant at 0.165 eV above C,, ;.
Isocontours of the potential energy surfaces of Dy, D;, and D,
are plotted in Fig. 1A to Cand the D, / D, D, / D,,and D, / D,
NAC seams in Fig. S1.

We consider an ensemble of 8,000 molecules for CH, and CD,
each, initially randomly oriented with respect to the polariza-
tion direction of the pulse, an XUV pulse (13th harmonic of
800 nm, hv13) with a photon energy of 20.3 eV. The photoion-
ization is described in the sudden approximation limit for each
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polarization direction of the photoionization XUV attopulse.
In the quantum dynamics on the grid, the photoionization
process is represented as a superposition of the 3 lowest states
of the cation. The initial vibronic wave packet has complex
amplitudes on each electronic state of the cation defined as
the photoionization matrix elements from the ground vibra-
tional state of the neutral in Franck Condon region, which
includes distorted geometries at which the T; degeneracy of
the 3 lowest electronic states is lift. To compute the dynamics
of the ensemble of randomly oriented molecules, we imple-
ment a singular value decomposition analysis on the ensemble
of the 8,000 initial states of the cation randomly oriented with
respect to the pulse polarization to determine the exactly 3 (for a
sudden process) principal orientations of the density matrix of
the ensemble at t = 0 [20,25]. The corresponding 3 principal
molecular vectors are then propagated using the time-dependent
Schrédinger equation (see [20] and the Supplementary Materials
for a summary of the methodology). The localization of the
initial state of the ensemble on each electronic state of the

cation, Dy, Dy, and D,, is shown in Fig. 1D to F for CH} and in
Fig. 1G to I for CD}

Expression of the local quantum force

The exact time dependence of the quantum force in the 2
nuclear coordinates is derived using the Ehrenfest theorem [26]
(see also [27]).

Fo(@) =d(Pi)fat==((V0,V (@1 Q) ) )+ ([70,(Qn @)V (1 @2) | )

=(Fy(Q))+(Fe,v(Q)) i=12 0

In Eq. (1), the averaging is over the density matrix of the
ensemble of randomly oriented molecules (see the Supp-
lementary Materials). P; = (7/i)0 / 0Q, i = 1,2 is the momen-
tum operator, V(Q,,Q, ) is the 2-dimensional potential, and
19,(Q1,Q,) is the 2 dimensional derivative coupling,
rgl_ (Q1Q;) =<w(Q,Q,)|0/0Q;|w;(Q,Q,) >between elec-
tronic states kand [, i = 1, 2 at the geometry defined by (Q,,Q;)
. Each component of the total quantum force, { F;,,(Q;) ), com-
prises 2 terms. The first term, <FV(Qi) >, is diagonal in the
electronic states. It corresponds to the average of the potential
gradients of the 3 electronic states and has a classical analog.
The second one, < [IQ’,,V] >, is off-diagonal in the electronic

states and is purely quantal. It is the contribution of the NAC
to the force. (F (V] (Q) )is modulated by the electronic coher-
ences, which we showed previously are robust with respect to
averaging over random initial orientations [20,21,25,28].

As derived in the Supplementary Materials, the components
of the Fy, and the F_ y/ terms along Q; and Q, are diagonal in
the grid point index, which enables the definition of a local
force at each molecular geometry, g, sampled on the grid. The
potential terms, which are also diagonal in the electronic state
index, k, are given by:

Fy o ()= <VQi Vk(Qle))g Pt 1=y, @ and k=Dy, Dy, Dy ()

The direction of F ]“, o (g)is determined by the components of
the potential energy surface gradient and does not vary in time.
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The magnitude of the force is modulated by Py(t), the total

population at grid point g for electronic state k [Eq. (§5)]-On
the other hand, for a given pair of electronic states, k [, the
direction of F|, y/ at each grid point, g, is determined by the 2

components of the derivative coupling, T]éli’ multiplied by the

energy difference between the 2 coupled states. The F, v,
force is modulated by the magnitude of the local electronic
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Fig. 1. Top row: Geometries of the Td, C,,, and D, geometries. Second row: Potential energy surfaces of the 3 electronic states in the reduced coordinates (Q;, +0,). (A) Dy , (B)

Dy, and (C) D,. The 2 C,, minima on D, sampled on the grid are marked a (green dot) and b (dark-blue) respectively. C,,, is the global minimum, Td is at (0, 0), D, marked in
red, is at (0.6, —1.15). Third and fourth rows: Localization of the initial states for CH4*: (D) Dy, (E), Dy, and (F) D, and for CD4*: (G) Dy, (H) Dy, and (1) D,.

coherence, Cy(1), between the electronic states k and / at grid
point g [Eq. (S6)] and its sign:

kl ]
F[gr, V] (Q)= Tléi ( Vig— Vk,g) ZRe[ Cgkl(t)])

i=1,2and k=0,1,2 I>k

The electronic coherences oscillate with the energy differ-
ences between the electronic states, which, on the NAC seams,

3)
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are typically of the order of vibrational frequencies. This
makes F|, ) term efficient for steering the direction of
motion of the wave packet and the dynamics of the structural
rearrangement.

Results

Population dynamics in the cation states

The computed highest ionization yield for a sudden photoion-
ization of the neutral ground state by an ultrashort XUV pulse
ata mean energy of 20 eV is to the D, state (42.6% for CH}} and
43.3% for CD} ), followed by the D state (34% for CH; and

33.8% for CD}) and 23.4% for CHand 22.9% for CD] for the
D, state. The initial states are localized around Talong the
antidiagonal [(+Q;,— Q, l( — Q;,+Q, )], roughly along the line
joining the D, ; and C,,;, minima, on each 3 lowest electronic
states (see Fig. 1D to F for CH} and Fig. 1G to I for CD}). The
relaxation from D, to D; occurs around the T; geometry
because the potential of D, is an almost 2-dimensional parabola
with a minimum at T; (see Fig. 1C). At short times, the popula-
tion from D, relaxes to D, transiently passing through D, the
amount of direct relaxation from D, to D, being smaller (see
Fig. 2A). D has 3 minima located roughly along the D; / D,
seams in the vicinity of the T; point and in between the 2 C,,
and the D,; minima on D, (Fig. S1). The population initially
photoionized to D, travels outside of the region of strong NAC

>

Population

Population

0 5 10 15 20
Time (fs)

Fig. 2. (A) Population dynamics in the 3 lowest states of the cation following sudden
photoionization by a hv13 ultrashort XUV pulse. Dy (violet), D; (brown), and D, (light
green).(B) Population in the 2 C,, minima marked a and b in Fig. 1A.CH} (C) Population
in D,y CH Full lines, CD;; dashed lines.
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around T, toward the D, ;minimum, where the coupling to D,
is weaker and remains trapped on D;.On the other hand, the
population on D; that relaxed from D, reaches the C,, , mini-
mum very quickly, with a first maximum at 1 fs (Fig. 2B). The
relaxed fraction of wave packet on D, then reaches D, ; geom-
etries in 5 to 10 fs, with a first maximum in the D, region at
8 fs (Fig. 2C and see population dynamics movies of the
Supplementary Materials).

The isotope effect in the initial populations on Dy, D;, and
D, results in slightly narrower distributions of the initial state
around the T initial configuration in CD}[see Fig. 1G to 1IJ.
However, as shown in Fig. 2, a strong isotope effect in the popu-
lation dynamics develops in the first 15 fs. Because of the mass
effect, the CD} wave packets on Dy and D, reach the regions of
strong NAC about a factor 1.4 slower than the CH;} ones, which
slows down the initial population transfer from D,. In addition,
the electronic coherences built at the photoionization step reach
the NAC regions with different relative phases, leading to dif-
ferent efficiencies of the amplitude transfer [21]. This effect is
particularly clear when monitoring the population transfer
locally, in theC,, region (Fig. 2B) and in the D, ; (Fig. 2C). For
both geometries, the dynamics of the populations in CD} are
substantially different from those of CH} beyond being slowed
down because of the H/D mass ratio.

Dynamics of the local gradient and nonadiabatic

force components

In Figs. 3 and 4, we show the local terms of the force, Fy, on D,
and Fy, v, for the D, / D;seam, computed for CH} and CDj,
respectively, at the 3 selected points on the D, / D, seams shown
in the inset of Fig. 3B. The gradient of the potential energy as
well as the derivative couplings and potential energy differences
are identical for the 2 isotopomers. On the other hand, one can
see by comparing the 2 figures that the weighting of these by the
local population on Dfor the Fy, term and by the local D, / D,

electronic coherence for the F, y/ one [see Egs. (2) and (3)] is

markedly different from a \/up / py = 1.4 scaling of the time
profiles. The slow down for CD} induces different phase relations
between the coherences and the phase of the derivative coupling,
which modifies population transfer and coherences.

At point 1 (Figs. 3A and 4A), the Dy Fy, and Dy, / D F, v
terms oriented along Q, (orange) are negligible. The total force
is oriented along Q, (blue), which corresponds to a C,, distor-
tion. Up to 2 fs, the Fy, and F, | terms are oriented along —Q,
and of similar magnitude for both isotopomers. Then, Fy
decreases and remains negative, while Fj, , remains large and
oscillates along Q; with the period of the D, /D, electronic
coherence. While the nonadiabatic F, ;;; dominates for the 2
isotopomers, the time profile of force is substantially different,
reflecting the different dynamics of the electronic coherences.
As a result, the total force at this grid point oscillates up and
down along Q,, as shown by the snapshots on the right of Figs.
3A and 4A, but with a different phase. At point 2 (Figs. 3B and
4B), on the other hand, the D Fy, term along Q, dominates and
induces aD,; distortion. It is negative, and its magnitude is
modulated by the population on D, (see 3 snapshots on the
right). Since the potential term dominates, the dynamics of
the force is driven by the population on the seams. Here too,
the dynamics of the force is different for the 2 isotopomers. At
point 3 (Figs. 3C and 4C), all 4 components are important, and
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Fig. 3. (Ato C) The components along the 2 coordinates Q; (blue) and @, (orange) of the local time-dependent forcesf, on Dy (full line) and F[r.V] for Dy / D; (dotted line), computed
for CHI at the 3 points on the Dy /D, seams shown in the inset of (B), (a) point 1, (b) point 2, and (c) point 3. The inset in (C) shows the total force along 0, (red) and along Q,
(green). Force values in (A) to (C) are multiplied by 10°. Right panels show the total force on each atom at selected times from the left panel.

the total force is shown in the inset. The distortion is complex
and varies substantially at the 3 times shown in the snapshots
on the right in Figs. 3C and 4C, with a different time evolution
for the 2 isotopomers.

The Dy Fy (dark red) and the D / D, F, v/ (orange) terms are
plotted for CHand for CD} at 6 grid points located on the Dy/D,
NAC seams (marked in blue) in the (Q;, Q,) coordinates in Fig.
5 for selected values of time so as to span the rise in the C,,, and
D, geometries plotted in Fig. 2B and C. Fy, and F, i differ in
their direction and their magnitude changes in time accord-
ing to the population and electronic coherence, resulting in
different steering of structural rearrangement at different
times. As can be seen from Fig. 5A to C and the full range of the
time evolution of the force terms provided in the Supplementary
Materials, in CHI, at short times, the Fy; yjcomponent of the
force is instrumental in sending population toward the D,
and to both C,, regions. In particular, it leads to a pronounced
maximum in the D,; geometry in the range of 6 to 10 fs. This
is rather different from CDI, for which the rise is delayed
compared to CH (see Fig. 2C), in agreement with the mag-
nitude of the components of the force shown in Fig. 5E and
E The maximum in the population of the C,, geometry at
longer times, at 20 fs, shown in Fig. 2B, can be understood for
the dynamics of the terms of the force shown in Fig. 5D and
for the full time range in the Supplementary Materials. In CD7,
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the force components shown in Fig. 5C explain the rise in the
D,, geometry at 10 fs shown in Fig. 2C.

Population transfers occur in localized regions on the NAC
seams where the Fy, terms and the NAC F, y terms are com-
mensurate but not necessarily codirectional. Figure 6 shows a
vector field plot of the total force in the entire (Q;, Q,) grid at
selected times computed for CH. At early times, the total force
is dominated by the steep gradient that steers the wave packet
away from T, symmetry point (Fig. 6A). Note that forces larger
than 107" atomic units (a.u.) are not shown for clarity and the
forces reported in Fig. 6 only show the moving front of the
vibronic wave packet. As the wave packet reaches the nonadia-
batic seams (Fig. 6B to D), the coherence-driven F, y, term
becomes commensurate with the potential gradient term Fy,.
Consequently, the total force field vectors develop strong spatial
structures that reflect the changes in the total force direction
due to Fj, v} The resulting fluctuations in the vector direc-
tions demonstrate how electronic coherences actively steer the
nuclei. The forces in the NAC regions then steer the subsequent
dynamics in regions where only the potential terms operate, as
can be seen in Fig. 6E and E.

Conclusion

In the very well-known Born-Oppenheimer approximation, the
force on the nuclei is local. However, the Born-Oppenheimer
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Fig. 4. (Ato C) The components along the 2 coordinates Q;, 0, of the local time-dependent forces F, on Dy and F[,‘V] for Dy / Dy, computed for CDZ at the 3 points on the Dy /D;

seams shown in the inset of Fig. 3B, (a) point 1, (b) point 2, and (c) point 3. The inset in (C) shows the total force along Q; (red) and along Q, (green). Force values in (A) to (C)
are multiplied by 10°. Right panels show the total force on each atom at selected times from the left panel.

A2 t=4.33fs 32 t = 6.46 fs EZ t=4.33fs Fz t = 6.46 fs

0 ’ 0 0
o)) Q2 Q2

Fig. 5. The 2 terms of forces, f, (dark-red arrows) and F[,vvj(orange arrows), in the (Q;, 0,) plane at 6 points on the Dy / D; seams (marked in blue) showing qualitatively different
directions of the force, computed at selected times, (A to D) CH4+ and (E to H) CD4+. The 3 inner ones are the ones shown in Figs. 3 and 4. The values of the times were selected
to relate to the population dynamics of the C,, and D,; geometries plotted in Fig. 2B and C.

Pandey et al. 2026 | https://doi.org/10.34133/ultrafastscience.0167 6

9202 ‘/2 Re N uo afia1 ap a1seAluN e Bioaousios [dsy/:sdny woly papeojumoq


https://doi.org/10.34133/ultrafastscience.0167

Ultrafast Science

4.2

%

73/22.07 fs

[

: B .
7
H =1L
'
77, Rt g
-2 ’ I%

-2 -1 0 1 2
Q2

Fig. 6. The total force, F, +F[,vv], computed at every grid point in the (Q;, 0,) plane at
selected times for CH,*. The force magnitudes larger than1x 1075 atomic units (a.u.)
are not shown for clarity. These high values are localized around the T, geometry (9; =
0,0,=0).The 2 C,, minima on Dy sampled on the grid are marked by green dot and
dark-blue dot.C,,, is the global minimum, D,,, is marked by a red dot (see also Fig.1).

approximation fails critically when several electronic states are
near in their energies. We demonstrate that even in the presence
of strong NAC, the exact force remains local on a grid in the
coordinates. Taking the ultrafast JT rearrangement of the meth-
ane cation as a prototypical example of nonadiabatic dynamics,
we show that the local nonclassical, nonadiabatic F, /| terms
compete effectively with the local potential Fyterms in the
regions of large NAC. The Fy, and the F, i terms are no codi-
rectional. Their respective directions are determined by the
features of the potential energy surfaces and their coupling,
which are the same for CHI and CDI. There is, however, a
qualitative difference in the dynamics of the 2 terms. The Fy,
term oscillates with the local population at a given grid point
so that its direction does not change sign. On the other hand,
the Fy, v oscillates with the amplitude of the electronic coher-
ence and does change sign. At a given grid point on the NAC
seam, the Fy, y; terms can therefore steer the dynamics in a
direction different from that of the potential gradient. Overall,
we show that the differences in the electronic coherences in the
2 isotopomers lead to a different dynamics driven by the force
and results in a strong isotope effect in population transfer and
in the dynamics of the structural rearrangement. Tuning these

Pandey et al. 2026 | https://doi.org/10.34133/ultrafastscience.0167

nonclassical terms of the force by targeting the excitation of
specific electronic coherence with broad in energy attosecond
or few femtosecond pulses in an ensemble of randomly oriented
molecules therefore opens the way to control of structural rear-
rangements with electronic coherences. When modeled beyond
the independent atomic model, time-resolved x-ray diffraction
(TR-XRD) [4-6,8,9,11,13,29] and ultrafast electron diffraction
[7,10,12,30] provide observables of the multielectronic-state
vibronic wave function [5,6,31,32] that could be related to the
structural changes driven by the nonadiabatic terms of the force
exerted by the vibronic wave packet on the nuclei. In TR-XRD,
structural rearrangement around conical intersection seams can
be inferred from the inelastic scattering term of the photon scat-
tering cross-section that depends directly on electronic coher-
ences at each geometry of the vibronic wave packet [4-6,8,29].
Another TR-XRD observable is the anisotropy in the optical
transition dipole, which, on a femtosecond time scale, reflects
both the electronic and nuclear dynamics induced by an ultra-
short excitation [33]. Electronic coherences affect both the elastic
and the inelastic parts of the scattering cross-section in mega-
electron-volt ultrafast electron diffraction, which depends on
both electronic and nuclear charge distributions [12,30].
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Electronic Coherences Built by Ultrashort Pulse Drive the Vibronic Forces at
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We show that the quantum force that the electrons in a molecule exert on the nuclei remains local even in the
presence of strong nonadiabatic interactions. At every geometry, the total force is the sum of a potential gradient term
driven by the local population and a nonclassical, nonadiabatic force driven by the local electronic coherence. On

the nonadiabatic seams, the nonadiabatic force competes effectively with the potential terms. Following a sudden
photoionization, we show how the nonadiabatic component of the local force drives the dynamics of the structural
Jahn-Teller rearrangement of the methane cation toward the C2v geometry using 2 effective nuclear coordinates and
3 coupled electronic states for either CH4+ or CD4+. Toward the progress in reaching shorter femtosecond resolution
in time-resolved x-ray and electron diffraction experiments, our work provides a quantitative understanding and pictorial
visualization of the local forces that drive ultrafast molecular rearrangement and chemical reactivity with a special
reference to the role of electronic coherences and nonadiabatic couplings.
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