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Abstract

Nonadiabaticity, i.e., the effect of mixing electronic states by nuclear motion, is a

central phenomenon in molecular science. The strongest nonadiabatic effects arise due

to the presence of conical intersections of electronic energy surfaces. These intersections

are abundant in polyatomic molecules. Laser light can induce in a controlled man-

ner new conical intersections, called light-induced conical intersections, which lead to

strong nonadiabatic effects similar to those of the natural conical intersections. These

effects are, however, controllable and may even compete with those of the natural in-

tersections. In this work we show that the standard low-energy vibrational spectrum

of the electronic ground state can change dramatically by inducing nonadiabaticity

via a light-induced conical intersection. This generic effect is demonstrated for an ex-

plicit example by full-dimensional high-level quantum calculations using a pump-probe

scheme with a moderate-intensity pump laser and a weak probe laser.
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Nonadiabatic phenomena1–6 occurring in polyatomic molecules have been known for

decades to play a fundamental role in most photobiological, photochemical, and photo-

physical processes.7–21 Such effects become significant around molecular geometries where

two (or more) potential energy surfaces (PESs) are energetically degenerate, such that the

Born–Oppenheimer (BO) approximation22 breaks down. This yields strong mixing among

BO electronic states and subsequent radiationless transitions correlated with variations of

the molecular geometry (nuclear degrees of freedom).

Such degeneracy points, termed conical intersections (CIs), are characterized locally by

a two-dimensional subspace within the space spanned by the nuclear degrees of freedom, the

so-called “branching” space along which the degeneracy is lifted to first order around the CI.

This can occur only in molecules with more than two atoms (Wigner’s noncrossing rule).23

Indeed, diatomic molecules have a single vibrational coordinate, which cannot accommodate

both zero energy-difference tuning and zero coupling except for symmetry reasons. CIs

provide ultrafast nonradiative decay channels for electronically excited molecules.24,25 In the

vicinity of such points, nonadiabatic dynamics (beyond BO) takes place typically on the

femtosecond time scale (∼10–100 fs). While it is by now well established that they are

present in small- or medium-sized molecules, CIs have been shown to be ubiquitous in large

molecular systems, hence playing a key role in most photoinduced processes. CIs can also

influence the ground-state spectroscopic and dynamical properties of molecules.26,27

More than a decade ago, it has been demonstrated that laser light with significant inten-

sity (dressed-state regime) can in turn induce CI-type situations between field-dressed PESs

and thus give rise to new types of nonadiabatic phenomena, even in diatomic molecules.28,29

Such points were then termed light-induced conical intersections (LICIs). Whereas the loca-

tion of a “natural” CI in a field-free polyatomic molecule and the strength of the nonadiabatic

coupling are inherent properties of the system, the occurrence of the LICI is determined by

the laser frequency while the strength of the nonadiabatic-type coupling is controlled by the

laser intensity.
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Several theoretical and experimental works have demonstrated on both fronts that LICIs

give rise to a variety of unexpected nonadiabatic phenomena in molecules,30–34 with signifi-

cant impact on various dynamical35–38 and spectroscopic properties.39–42 These works were

mainly focused on diatomic molecules where the angle between the internuclear axis and the

field polarization axis provides the missing degree of freedom for a CI to emerge between two

crossing field-dressed PESs. This rotation angle together with the internuclear separation

span the two-dimensional light-induced branching space along which degeneracy is lifted to

first order around the LICI due to the dressing field.

Investigating light-induced nonadiabatic effects in polyatomic molecules is expected to

be more challenging and richer than in diatomics. On the one hand, the existence of several

vibrational degrees of freedom enables LICIs to be defined without further involving any ro-

tational coordinate. On the other hand, natural CIs are ubiquitous in polyatomics that their

occurrence and accompanying natural nonadiabatic effects are likely to be strongly mixed

with the light-induced ones. It is thus desirable to first consider situations where a clear

separation and identification of the effects of natural and light-induced conical intersections

can be made, so as to clarify and understand the effect solely caused by the LICI.

Experimental works43,44 have already invoked the concept of a LICI to provide quali-

tative interpretation to the results of laser-induced isomerization and photodissociation in

polyatomic molecules. A general theory on LICIs discusses strategies of its exploitation

and application in polyatomic systems.45 Although ref. 45 provides a detailed discussion of

the possible LICI strategies in polyatomics, no actual results which are based on accurate

multidimensional quantum calculations and clearly demonstrate light-induced nonadiabatic

effects have been published since then. The present study goes beyond previous investiga-

tions and makes an attempt to identify the impact of non-adiabaticity of LICIs in polyatomic

molecules by employing accurate multidimensional quantum-dynamical methods instead of

simple model calculations.

It is well established in the field of “natural” nonadiabatic molecular phenomena that
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the breakdown of the BO approximation induces strong mixing between the vibrational

levels within coupled adiabatic PESs. The Franck–Condon approximation is no longer valid,

which typically leads at low energies to the so-called “intensity borrowing” effect.1 This is

a characteristic fingerprint of nonadiabatic effects in molecular spectroscopy, manifested by

irregular variations of spectral peak intensities and the appearance of unexpected levels.

Along this line, our current work presents strong intensity-borrowing effects, now appear-

ing in the field-dressed low-energy vibronic spectrum of the H2CO (formaldehyde) molecule

and absent in the absence of the field, providing direct proof of strong light-induced nona-

diabatic effects. The photochemistry of H2CO has been studied in various contexts and the

corresponding literature is abundant and beyond the scope of the present work. We chose

H2CO for two reasons: first, because there is no natural CI in the vicinity of the Franck–

Condon region. A seam of CIs has been characterized for example by Araujo et al.46–48

but it is protected by a transition barrier at low energies; second, this system presents the

great advantage of not having any first-order nonadiabatic coupling between the ground

and first singlet excited electronic states around its equilibrium geometry. As a consequence,

such a situation allows unambiguous identification of light-induced nonadiabatic phenomena,

clearly separated from other “natural” nonadiabatic effects.

By using a two-step protocol we simulate the weak-field absorption and stimulated emis-

sion spectra of the field-dressed H2CO molecule at low energy (infrared domain) taking into

account all six vibrational degrees of freedom explicitly. First, we compute the field-dressed

states which are superpositions of field-free molecular eigenstates coupled by a medium-

intensity laser dressing pump pulse switched on adiabatically. Second, we assume that the

low-energy spectrum of the field-dressed molecule can be accessed with a weak-intensity

steady-state probe. The dipole transition amplitudes between the field-dressed states are

thus evaluated within the typical framework of first-order time-dependent perturbation the-

ory, revealing intensity borrowing in the infrared domain for the field-dressed molecule.

Let us start with presenting the field-free vibrational spectrum of H2CO (see the Sup-
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porting Information for the structure and normal modes of H2CO) in its electronic ground

state X, shown in the upper panel of Figure 1. As expected, the field-free vibrational spec-

trum consists of a moderate number of peaks, corresponding to vibrational transitions from

the initially populated vibrational ground state to vibrationally-excited eigenstates. Besides

the six fundamental transitions (denoted with the normal mode labels νi, described in Table

S1 of the Supporting Information) two combination transitions (ν2 + ν6 and ν3 + ν6) and

an overtone transition (2ν2) carry appreciable intensity. It is clearly visible in Figure 1 that

no peaks appear below 1100 cm−1 in the field-free vibrational spectrum. However, if the

molecule is dressed with a laser field switched on adiabatically and then the spectrum of the

field-dressed molecule is measured with a weak probe pulse, striking effects arise in the field-

dressed spectrum. The lower panel of Figure 1 shows the spectrum of H2CO molecule dressed

with a laser field linearly polarized along the body-fixed y axis (defined in the Supporting

Information) with the dressing intensity of Id = 1011 W/cm2 and dressing wavenumber of

ωd = 32932.5 cm−1 (wavelength λd = 303.65 nm). The field-dressed spectrum in Figure 1,

as opposed to the field-free vibrational spectrum, shows the emergence of prominent peaks

below 1100 cm−1. At the same time the intensity of the major peaks seen in the field-free

spectrum are substantially lowered. They seem to have borrowed their original intensity to

the light-induced peaks below 1100 cm−1.

In order to understand the origin of the differences between the field-free and field-dressed

spectra in Figure 1 a brief description of the underlying theory is necessary. Throughout

the current work the two singlet electronic states S0 (X̃ 1A1) and S1 (Ã 1A2) of H2CO are

taken into account, the corresponding six-dimensional PESs are denoted by VX and VA,

respectively. We assume that the electronic states X and A are coupled by a time-dependent

external electric field E(t) = E0 cos(ωt). In the static Floquet-state representation49,50 the
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Figure 1: Impact of light-induced non-adiabaticity on the vibrational spectrum of H2CO.
Upper panel: field-free vibrational spectrum of the H2CO molecule in its electronic ground
state (X) with peaks corresponding to transitions from the vibrational ground state to
vibrationally-excited eigenstates as indicated by the normal mode labels. Lower panel: spec-
trum of H2CO dressed with a laser field linearly polarized along the body-fixed y axis with
Id = 1011 W/cm2 and ωd = 32932.5 cm−1. Transitions polarized along the x, y and z axes are
shown by the markers •, N and �, respectively. In sharp contrast to the field-free spectrum,
the field-dressed spectrum exhibits a rich appearance of numerous peaks below 1100 cm−1.
Note the substantial lowering of the intensity due to the field of the peaks present in the
field-free spectrum (the intensity scale is the same in both panels).
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Hamiltonian matrix has the following form

Ĥ =

T̂ 0

0 T̂

 +

VX + n~ω W

W VA + (n− 1)~ω

 (1)

where T̂ is the vibrational kinetic energy operator and n is the Fourier index that labels

the different light-induced potential channels. The kinetic energy operator is fully exact,

properly includes the exchange symmetry of the identical nuclei and it is constructed using a

general numerical procedure described in refs. 51 and 52. The operator W = −d(R)eE0/2

describes the coupling between the electronic states X and A with d(R) being the body-fixed

molecular transition dipole moment (TDM) vector depending on the vibrational coordinates

R. Moreover, e, E0 and ω denote the polarization, amplitude and angular frequency of the

dressing laser field, respectively. The permanent dipole moments (PDMs) of the X and A

electronic states are included in the full calculations, but for simplicity not shown explicitly in

eq 1. We used linearly-polarized electric fields throughout this work. The rotational degrees

of freedom were omitted from our computational protocol and the orientation of the molecule

was fixed with respect to the external electric field. After diagonalizing the potential energy

matrix of eq 1 one can obtain the adiabatic potential energy surfaces Vlower and Vupper. These

two PESs can cross each other, giving rise to a LICI, whenever the conditions W = 0 and

VX = VA − ~ω are simultaneously fulfilled.

The field-dressed eigenfunctions |Φk(n)〉 and quasienergies εk(n) can be obtained by de-

termining the eigenpairs of the Hamiltonian of eq 1. The eigenfunctions |Φk(n)〉 can be

expanded as the linear combination of products of field-free molecular vibronic eigenstates

(denoted by |Xi〉 and |Ai〉 for the electronic states X and A, respectively) and the Fourier

vectors of the Floquet states, that is

|Φk(n)〉 =
∑
i

C
(k)
Xi |Xi〉|n〉+

∑
i

C
(k)
Ai |Ai〉|n− 1〉. (2)
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In eq 2 i labels vibrational eigenstates and |n〉 is the nth Fourier vector of the Floquet state.

The expansion coefficients C
(k)
Xi and C

(k)
Ai can be obtained by diagonalizing the light-dressed

Hamiltonian of eq 1 after constructing its matrix representation. In this work the field-free

molecular eigenstates of H2CO were computed with the GENIUSH program package51–53

treating all six vibrational degrees of freedom in a numerically exact way. The VX and VA

PESs were taken from refs. 54 and 55, respectively. We note that the C2v point group can

be used to label the eigenstates of the field-free molecule and the symmetries of the X and

A electronic states are A1 and A2 at the Franck–Condon point of C2v symmetry.

The transition amplitudes between field-dressed states |Φk(n)〉 and |Φl(n)〉 within the

framework of first-order time-dependent perturbation theory can be obtained as

〈Φk(n)|d̂α|Φl(n)〉 =
∑
ij

C
(k)∗
Xi C

(l)
Xj〈Xi|d̂α|Xj〉+

∑
ij

C
(k)∗
Ai C

(l)
Aj〈Ai|d̂α|Aj〉 (3)

where d̂α is the electric dipole moment operator (α = x, y, z). One can notice that the

transitions |Φk(n)〉 → |Φl(n)〉 are associated with the PDM related to the electronic states

X and A. The corresponding transition angular frequencies and intensities are ωkl = (εl(n)−

εk(n))/~ and Ikl ∝ ωkl
∑

α |〈Φk(n)|d̂α|Φl(n)〉|2, respectively. Equation 3 serves as our working

formula for the computation of the low-energy part of the vibronic spectrum and for the

interpretation of the peaks appearing below 1100 cm−1 in the field-dressed spectrum of

Figure 1. For further discussion of the spectroscopy of field-dressed molecules we refer to

ref. 41.

The dressing situation corresponding to the field-dressed spectrum in Figure 1 is featured

in Figure 2 where one-dimensional cuts of the VX and VA PESs are shown along the ν2 (C=O

stretch) normal mode (normal coordinates other than Q2 are set to zero). In Figure 2, the

system is dressed with photons corresponding to ω = 32932.5 cm−1 and the VA PES is shifted

down with the energy of the dressing photon, see eq 1. Consequently, the vibrational ground

state of X becomes nearly resonant with multiple close-lying excited vibrational eigenstates of
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A and the resulting field-dressed states can be described as superpositions of the eigenstates

mentioned. Figure 3 provides two-dimensional cuts of the light-induced adiabatic PESs.

The two-dimensional cuts, given as functions of the Q2 (C=O stretch) and Q4 (out-of-plane

bend) normal coordinates (the remaining four normal coordinates are set to zero), clearly

show that a LICI is formed between the two light-induced adiabatic PESs.
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Figure 2: One-dimensional field-free potential energy cuts along the ν2 (C=O stretch) normal
mode. The excited-state potential curve (VS1 in the figure) is shifted down by the photon
energy value corresponding to 32932.5 cm−1 (see eq 1). Vibrational energy levels are indi-
cated by horizontal lines with colors encoding irreducible representations of the C2v point
group. Due to the high density of S1 states in six degrees of freedom, levels of S1 become
quasi-degenerate with levels of S0 and interact with them non-adiabatically.

Having discussed the underlying theory and dressing mechanism, we can finally move on

to the detailed analysis of the field-dressed spectrum in Figure 1. In what follows we assume

that the dressing field is switched on adiabatically and the initial field-dressed state |Φi(n)〉

is chosen as the field-dressed state which gives maximal overlap with the vibrational ground

state of the X electronic state. The newly-emerging peaks, readily visible in the lower panel

of Figure 1, can be classified into four main groups. The first two groups consist of peaks

between 400 − 650 cm−1 (g1) and 700 − 800 cm−1 (g2), while the third and fourth groups

involve peaks located in the intervals 800− 900 cm−1 (g3) and 1000− 1100 cm−1 (g4). The
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Figure 3: Two-dimensional light-induced adiabatic potential energy surfaces along the ν2
(C=O stretch) and ν4 (out-of-plane bend) normal modes. The dressing wavenumber and
intensity are chosen as ωd = 29000 cm−1 and Id = 1014 W/cm2, respectively, and the dressing
field is polarized along the body-fixed y axis. These dressing wavenumber and intensity
values are chosen for a better visualization only. The light-induced conical intersection is
highlighted in the inset on the right-hand side of the figure. The character of the adiabatic
potential energy surfaces is indicated by different colors (see the legend on the left).

transitions of g1 and g2 types are all polarized along the body-fixed x axis, while the g3 and

g4 transitions are polarized along the body-fixed y (hardly discernible in Figure 1) and z

axes, respectively.

The peaks appearing below 1100 cm−1 in the field-dressed spectrum can be attributed to

admixtures of the vibrational eigenstates of the A electronic state in the initial field-dressed

state |Φi(n)〉. |Φi(n)〉 in this particular case is a superposition of the X vibrational ground

state (0.0 cm−1, A1 symmetry, 52.3%) and two close-lying A vibrational eigenstates of B1

symmetry, namely 32931.2 cm−1 (36.0%) and 32937.2 cm−1 (11.5%) where the numbers in

the parentheses indicate the populations of the vibrational eigenstates in |Φi(n)〉. Note that

the inset in Figure 2 shows the two close-lying A vibrational eigenstates mentioned (two

lowest blue lines on the right) that are coupled to the X vibrational ground state (red line

on the left) by the dressing field. As the dressing field is polarized along the body-fixed y

axis and the body-fixed y component of the TDM transforms according to the B1 irreducible
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representation (see Table S3 in the Supporting Information), the X vibrational ground state

(A1 symmetry) can be coupled only to vibrational eigenstates of B1 symmetry of the A

electronic state by the dressing field.

A detailed analysis of the field-dressed states has revealed that the final field-dressed

state |Φf(n)〉 for each peak below 1100 cm−1 remains an eigenstate of the field-free molecule

and has the form |Φf(n)〉 = |Aj〉|n − 1〉 to a good approximation. Therefore, the peaks

below 1100 cm−1 can be interpreted as transitions from the vibrational eigenstates of A at

32931.2 cm−1 and 32937.2 cm−1 (both of B1 symmetry) to other A vibrational eigenstates

making up the final field-dressed states and they are associated with the PDM of the A

electronic state according to the second term in eq 3. The richness of the field-dressed

spectrum can be primarily attributed to the ν4 mode as the anharmonic double-well nature

of the VA PES along the ν4 mode can lead to multiple changes in the vibrational quantum

number v4 (|∆v4| = 0, 1, 2, 3, . . . ). The emergence of peaks in the interval 0−1100 cm−1 can

be interpreted as intensity borrowing whereby the intensity is borrowed from peaks that are

also present in the field-free vibrational spectrum.

Similar intensity borrowing effects are observed for many other laser parameters. Figure

4, for instance, compares the field-free and field-dressed spectra for a different laser frequency,

ωd = 34189.5 cm−1 (λd = 292.49 nm). Similarly to Figure 1, several peaks below 1100 cm−1

appear in the field-dressed spectrum, which can again be understood by the aforementioned

mechanism.

In the present work we have outlined a pump-probe scheme to obtain the field-dressed

low-energy vibronic spectra of polyatomic molecules treating all vibrational degrees of free-

dom. The H2CO molecule which does not exhibit a natural conical intersection in the studied

energy region was chosen as a showcase example. In order to calculate the weak-field ab-

sorption and stimulated emission spectra of the field-dressed H2CO molecule we performed

accurate, six-dimensional computations with different dressing photon energies and dressing

field intensities.
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Figure 4: Impact of light-induced non-adiabaticity on the vibrational spectrum of H2CO
for a somewhat higher laser frequency than that used in Figure 1. Upper panel: field-free
vibrational spectrum. Lower panel: spectrum in the laser field. The dressing frequency is
ωd = 34189.5 cm−1. All other details are as in Figure 1. The figure shows that the prominent
appearance of low-lying light-induced levels is not unique, but the details depend sensitively
on the laser parameters.
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The results obtained clearly show the direct impact of the light-induced conical intersec-

tion on the field-dressed spectra of the H2CO molecule. The findings are highly sensitive to

variations of the dressing frequency which varies the location of the LICI, shedding light on

the mixing of the levels of different electronic states and on their coupling mechanism. The

emergence of peaks in the field-dressed spectrum below 1100 cm−1 undoubtedly demonstrates

strong nonadiabatic effects manifested in the so-called “intensity borrowing” phenomenon,

arising due to the presence of the light-induced nonadiabaticity. The strong nonadiabaticity

which is completely absent in the field-free H2CO molecule mixes the different electronic

and vibrational degrees of freedom creating a very rich pattern in a certain interval of the

low-energy vibronic spectrum where no transitions occur in the field-free situation. This

intense mixing process could not happen without the presence of the light-induced conical

intersection. The clear-cut intensity borrowing mechanism discussed here is general and not

restricted to H2CO. It can be expected to be generically operative in polyatomics. The more

degrees of freedom the molecule has, the higher the vibrational level density is and the more

borrowing effects one can expect.
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(1) Köppel, H.; Domcke, W.; Cederbaum, L. S. Multimode Molecular Dynamics Beyond

the Born–Oppenheimer Approximation. Adv. Chem. Phys. 1984, 57, 59–246.

(2) Yarkony, D. R. Diabolical conical intersections. Rev. Mod. Phys. 1996, 68, 985–1013.

(3) Baer, M. Introduction to the theory of electronic non-adiabatic coupling terms in molec-

ular systems. Phys. Rep. 2002, 358, 75 – 142.

(4) Worth, G. A.; Cederbaum, L. S. Beyond Born–Oppenheimer: Molecular Dynamics

Through a Conical Intersection. Ann. Rev. Phys. Chem. 2004, 55, 127–158.
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Intersections Induced by Quantum Light: Field-Dressed Spectra from the Weak to the

Ultrastrong Coupling Regimes. J. Phys. Chem. Lett. 2018, 9, 6215–6223.

(41) Szidarovszky, T.; Császár, A. G.; Halász, G. J.; Vibók, A. Rovibronic spectra of
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