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ABSTRACT

Nonadiabatic coupling is absent between the electronic ground X and first excited (singlet) A states of formaldehyde. As laser fields can induce
conical intersections between these two electronic states, formaldehyde is particularly suitable for investigating light-induced nonadiabaticity
in a polyatomic molecule. The present work reports on the spectrum induced by light—the so-called field-dressed spectrum—probed by a
weak laser pulse. A full-dimensional ab initio approach in the framework of Floquet-state representation is applied. The low-energy spectrum,
which without the dressing field would correspond to an infrared vibrational spectrum in the X-state, and the high-energy spectrum, which
without the dressing field would correspond to the X — A spectrum, are computed and analyzed. The spectra are shown to be highly sensitive
to the frequency of the dressing light allowing one to isolate different nonadiabatic phenomena.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0045069

I. INTRODUCTION Exposing molecules to laser fields gives rise to CIs induced by

light [light-induced conical intersection (LICI)], which cannot be

It is widely accepted today that conical intersections (Cls),
degeneracy points between multidimensional potential energy sur-
faces (PESs),  © are of great importance in the case of polyatomic
molecules. CIs play a fundamental role in nonadiabatic processes,
which are ubiquitous in photophysics and photochemistry.” *' In
several important photodynamical processes, such as molecular
dissociation, fragmentation, isomerization, and so on, CIs can pro-
vide an efficient decay pathway for population transfer on the fem-
tosecond timescale. Naturally occurring Cls, which are an inherent
feature of polyatomic molecules, are called “natural CIs.”

avoided even in the case of diatomic molecules.”” In diatomics,
the angle between the molecular axis and the polarization vector of
the external electric field becomes the missing dynamical variable
that, together with the single vibrational coordinate, constitute the
two-dimensional branching space in which the LICI exists. The
energetic position of the LICI is determined by the laser frequency,
and the strength of the nonadiabatic coupling is controlled by the
light intensity. Similarly to the case of natural CIs, LICIs can give
rise to a variety of nonadiabatic phenomena. Several theoretical and
experimental studies have demonstrated, dominantly for diatomics,
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that LICIs have remarkable effects on the different topological,
spectroscopic, and dynamical properties of molecules.”* "’

Studying light-induced nonadiabatic effects in polyatomic
molecules is more challenging, and the outcome of such studies is
expected to be richer than in diatomics. The existence of several
vibrational degrees of freedom enables the definition of a branching
space of the LICI without further involving any rotational coordi-
nates. So far, few theoretical and experimental studies investigating
light-induced nonadiabatic processes in polyatomics have become
available.”" ** This is mainly due to the fact that natural CIs are
ubiquitous in polyatomics, and owing to the strong mixing between
light-induced and natural nonadiabatic phenomena, their unequivo-
cal distinction is rather challenging. Therefore, it is desirable at first
to consider situations where a clear separation of effects caused by
natural and light-induced CIs can be made, so as to identify the
effects purely caused by the LICI.

In a recently published study,” a clear fingerprint of the LICI
has been demonstrated in the field-dressed low-energy vibronic
spectrum of the formaldehyde (H>,CO) molecule. By employing
accurate full-dimensional quantum-dynamical calculations, the so-
called intensity borrowing effect has been identified in the field-
dressed spectrum of H,CO. Intensity borrowing can be seen as
a characteristic fingerprint of nonadiabatic effects, manifested by
irregular variations of spectral peak intensities and the appear-
ance of unexpected energy levels. The four-atomic H,CO molecule
seems to be a favorable candidate for our purpose as its electronic
structure permits the unambiguous identification of light-induced
nonadiabatic phenomena, clearly separated from “natural” nona-
diabatic effects. Namely, H,CO not only lacks any natural CIs
in the vicinity of the Franck-Condon region but also does not
possess any first-order nonadiabatic coupling between the ground
and first singlet excited electronic states around its equilibrium
geometry.”"

In the present work, we focus on the analysis of both the
low-energy and high-energy regions of the field-dressed vibronic
spectrum of H>CO calculated by an accurate full-dimensional
quantum-dynamical method. We will discuss in detail how the dif-
ferent laser frequencies and field polarization directions influence
the impact of the LICI on the field-dressed spectrum.

The article is structured as follows: In Sec. II, the theoretical
background of the current study is described and a two-step proto-
col for the simulation of the weak-field absorption and stimulated
emission spectra of field-dressed polyatomic molecules is discussed.
Section I1I presents and discusses the numerical results, and Sec. IV
summarizes the conclusions.

Il. THEORY AND COMPUTATIONAL PROTOCOL

Let us start with describing the working Hamiltonian and the
two-step protocol used to compute the field-dressed absorption
spectrum of molecules. In what follows, the two singlet electronic
states S (5( 1Al) and S; (A 1Az) of H,CO will be taken into account.
The corresponding potential energy surfaces (PESs) are denoted
by Vx and Va, respectively. We assume that the electronic states
X and A are coupled by a linearly polarized periodic electric field
E(t) = Ejecos(wt), where Ej, e, and w denote the amplitude,
polarization, and angular frequency of the dressing laser field,

ARTICLE scitation.org/journalljcp

respectively. In the static Floquet-state representation,”””* the
Hamiltonian matrix has the form

A,

(A, D 0 0 0 0 0
bt : N : 0
0 H, D o 0
H=| o0 bt A, D 0 (1)
0 o Df H 0
0 : : D
| 0 o o o o D' A, |
with
. T+ Vx + nhw 0
n = A (2)
0 T+ Va + nhw
and
o [wx ow
o[ 1] o

where T is the vibrational kinetic energy operator and
N = —Hmax ---» Mmax 1S the Fourier index that labels the different
light-induced potential channels. The operators W = —d(R)eE/2,
Wx = —dx(R)eEy/2,and W = —da(R)eEy/2 describe the interaction
between the external electric field and the transition dipole moment
[TDM, d(R)] as well as the permanent dipole moments [PDMs,
dx(R) and da(R)] of the electronic states X and A. The rotational
degrees of freedom are omitted from the current computational pro-
tocol, and the orientation of the molecule is kept fixed with respect
to the external electric field.

The field-dressed eigenfunctions |®;) and eigenvalues ¢
(called quasienergies) can be obtained by diagonalizing the
Hamiltonian of Eq. (1). The eigenfunctions |®y) 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,

@) = > 33 ain). (4)

a=X,A i n

In Eq. (4), i labels vibrational eigenstates and |n) is the nth Fourier
vector of the Floquet state. The expansion coefficients ciﬁ? can
be obtained by determining the eigenvectors of the light-dressed
Hamiltonian of Eq. (1) after constructing its matrix representa-
tion. Note that it is often a good approximation to treat the
two-dimensional blocks,

. T+ Vx +nh w
H(n):[ x + nhw

. ] (5)
T+Va+(n-1)ho

of the Hamiltonian of Eq. (1) separately (rotating wave approxi-
mation” ). As H(n) contains matrix elements of H [see Eq. (1)]
that are on the main diagonal as well as on the first diagonal below
and above the main diagonal, the terms Wx and W, are necessarily
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missing from Eq. (5). In the case of Eq. (5), field-dressed states
[eigenstates of the noninteracting H(#) blocks] can be written as

[04(m) = DXkl + Dl Adn-1. (©)

The full Hamiltonian H of Eq. (1) is employed exclusively in the
numerical calculation of the spectra discussed in Sec. I11. The effec-
tive Hamiltonian of Eq. (5) has been employed as well and found
to give accurate results. Hence, we use the latter for analyzing the
numerical results obtained with Eq. (1).

Next, we briefly discuss the spectroscopy of field-dressed
molecules.”” A weak probe pulse is assumed, and the transition
amplitudes between field-dressed states |®y) and |®;) are eval-
uated using first-order time-dependent perturbation theory. The
transition amplitudes are the matrix elements of the electric dipole
moment operator ji, (& = X, y, z) between two field-dressed states of
Eq. (4),

(@] @) ZZZ&%&
+ZZZ&%&
+ZZZ£%&

B I

)

)
)

) 7)

One can notice that while the first and second terms in Eq. (7)
are associated with the PDMs of the electronic states X and A, the

(A) (B)
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third and fourth terms involve the TDM. The expression in Eq. (7)
describes both the field-dressed absorption and stimulated emis-
sion processes. The peaks associated with absorption and stimulated
emission can be distinguished by comparing the quasienergies of
the initial and final field-dressed states. The intensity of transitions
between field-dressed states can be obtained as

Iy o Y. (@l @), ©)

a=x,y,2

where wy = (€ — €;)/h denotes the angular frequency of the transi-
tion.

The Vx (So electronic state, X) and Vo (S; electronic state, A)
PESs are taken from Refs. 57 and 58, respectively. The correspond-
ing vertical and adiabatic excitation energies are equal to 28954
and 28 138 cm™!. H,CO has an equilibrium structure of C,, point-
group symmetry in its electronic ground state (X), as shown in
Fig. 1. The six normal modes of H,CO are summarized in Fig. 1
and Table I. The excited electronic state (A) has a double-well struc-
ture along the out-of-plane (v4) mode, and the two equivalent non-
planar equilibrium structures (Cs point-group symmetry) are con-
nected by a planar transition state structure (C,, point-group sym-
metry). The symmetries of the X and A electronic states are A; and
A, at the Franck-Condon point of C,, symmetry. Group theoret-
ical considerations suggest that both the first-order nonadiabatic
coupling and the TDM vector vanish at C,, geometries (such as
the Franck-Condon point). When making displacements along the
vibrational mode of B, or B, symmetry, the first-order nonadiabatic
coupling is expected to remain small at the resulting geometries of Cs
symmetry.

The six-dimensional vibrational Schrédinger equation was
solved by the numerically exact and general rovibrational code

I/],Al

Symmetric C-H Stretch

Vg B|
Out-of-plane Bend

vy, Al
C=0 Stretch

Antisymmetric C-H Stretch

Vg 5 B 2
CH, Rock

vy, Al
CH, Scissor

FIG. 1. Equilibrium structure [panel (a)] and normal modes [panel (b)] of H,CO in its electronic ground state and definition of the body-fixed coordinate axes (the x axis is

directed outwards, as indicated by the + sign).
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TABLE |. Normal mode labels, C,, irreducible representations (I'), description
of normal modes, and anharmonic fundamentals (w, obtained by 6D variational
computations in the electronic ground state of H,CO, in units of cm™").

1

Label r Description w/cm™
V1 A Sym C—H stretch 2728.4
V) A C=0 stretch 1738.1
V3 Ay CH,; scissor 1466.0
vy B, Out-of-plane bend 1147.0
Vs B, Antisym C—H stretch 2819.9
Ve B, CH,; rock 1234.5

GENIUSH™ ™' for both electronic states. The vibrational compu-
tations employed polyspherical coordinates,”” and the axes of the
body-fixed frame were oriented according to the translational and
rotational Eckart conditions”’ using the equilibrium structure of the
X electronic state as the reference structure. The vibrational eigen-
states were represented in a six-dimensional direct-product discrete
variable representation basis, and atomic mass values mc = 12.0
u, mo = 15994915 u, and my = 1.007825 u were used through-
out the nuclear motion computations. The vibrational Hamiltonian
matrix was separated into four noninteracting blocks that corre-
spond to the four irreducible representations of the S; molecular
symmetry group,”’ which is isomorphic to the C,, point group.
In order to facilitate the interpretation of our results, vibrational
eigenstates of both electronic states were recalculated using rec-
tilinear normal coordinates (corresponding to the X equilibrium
structure for the electronic state X and to the A planar tran-
sition state structure for the electronic state A) by the DEWE
program package.””*° One-dimensional wave function cuts along
the normal coordinates were then evaluated, and the nodal struc-
tures of the one-dimensional wave function cuts were inspected to
assign the vibrational eigenstates with harmonic oscillator quantum
numbers.

The six-dimensional permanent and transition dipole moment,
i.e, PDM and TDM, surfaces of H,CO were represented by a
second-order Taylor expansion using the polyspherical coordinates
employed by the vibrational eigenstate computations. The Tay-
lor series were centered either at the equilibrium structure of the
X electronic state (TDM and X-state PDM) or at the transition
state structure of the A electronic state (A-state PDM). The PDM
and TDM vectors are referenced in the Eckart body-fixed frame
described above, and the dipole derivatives needed by the Taylor
expansion were evaluated numerically at the CAM-B3LYP/6-31G*

TABLE II. Symmetry properties (C,, irreducible representations, I') of the body-fixed
components of the permanent (PDM) and transition (TDM) dipole moments.

Component I'ppm Irom
x B, By
y B2 B1
z A Az

ARTICLE scitation.org/journalljcp

level of theory by the finite-difference method. The symmetry prop-
erties of the body-fixed PDM and TDM components are provided in
Table II.

The quasienergies and field-dressed states were computed by
diagonalizing the light-dressed Hamiltonian of Eq. (1) in the direct-
product basis of field-free molecular eigenstates and Fourier vectors
of the Floquet states |#). The maximal Fourier component was set to
Nmax = 2, which proved sufficient for obtaining converged numerical
results.

Ill. RESULTS AND DISCUSSION

Having discussed the underlying theory and described the
molecular system under investigation, we proceed to the analysis
of light-induced nonadiabatic effects in the field-dressed spectrum
of H,CO. In all cases presented, the dressing field is assumed to be
switched on adiabatically and the initial field-dressed state |®;) is
chosen as the field-dressed state giving maximal overlap with the
vibrational ground state of the X electronic state. In what follows,
both the low-energy and high-energy spectral regions, correspond-
ing to vibrational (no change in the electronic state) and vibronic
(from the electronic state X to A) transitions, will be examined. Peak
splitting effects (Sec. I11 A) analogous to the Autler-Townes effect”’
will be distinguished from intensity borrowing effects (Sec. III B).
The analysis of the numerical results is facilitated by a theoreti-
cal model, which is based on Egs. (5) and (6) and can be applied
to both the peak splitting and intensity borrowing situations. The
dressing parameters have been chosen in such a way that either
some of the final field-dressed states (Sec. III A) or the initial field-
dressed state (Sec. I1I B) is a superposition of two or more field-free
eigenstates.

A. Peak splitting effects in the field-dressed spectrum

Figure 2 presents the field-free and field-dressed spectra of
H,CO; in the field-dressed case, the dressing wavenumber and
intensity values are set to wq = 25575.0 cm ! and I4 = 10" W/em?,
respectively. Both the low-energy and high-energy regions of the
spectrum are displayed in Fig. 2. The dressing field is assumed
to be linearly polarized, and we choose the polarization vectors
ex=(1,0,0),e,=(0,1,0),and ey = (1, 1,0)/\/5, all of which are
referenced in the body-fixed frame.

First, we discuss the low-energy region of the spectrum that,
in the absence of dressing, would consist of transitions from the X
vibrational ground state to other X vibrational states. As we will see,
the chosen dressing wavenumber in Fig. 2 is such that the field-free
eigenstates at lower energies are hardly mixed by the dressing field;
therefore, the low-energy field-dressed spectrum is very similar to
the field-free spectrum.

With the dressing parameters of Fig. 2, the initial field-dressed
state can be well approximated as

|@i(n)) = [X0)|n), ©)

where |X0) denotes the vibrational ground state of the X electronic
state. Moreover, the final field-dressed states

| (1)) = |Xf)|n) (10)
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FIG. 2. Field-dressed and field-free spectra of the H,CO molecule in the low-energy and high-energy regions. The dressing wavenumber and intensity equal wq = 25575.0
cm~"and Iy = 10" W/cm?. The different polarization vectors [ex = (1, 0, 0), &, = (0, 1, 0), and ey, = (1,1,0) //2] are given in the figure. Field-dressed transitions polarized
along the x, y, and z axes are shown by the markers o, A, and m, respectively, while field-free transitions are indicated by the marker x. Peaks of the high-energy field-free
spectrum in the v4 (out-of-plane bend) progression with different numbers of quanta in the v, (C=0 stretch) vibrational mode are labeled with vv, + v4 (v =0, ..., 4). At
the chosen dressing wavenumber, the low-lying field-free states are hardly mixed by the dressing field; therefore, the low-energy field-free and field-dressed spectra look
identical. At higher energies, mixings of field-free states occur (as the density of states grows) and peak splittings, highly sensitive to the polarization of the dressing field,
appear in the field-dressed spectrum.

q)f(ﬂ)) = <X0

in the low-energy region also remain the eigenstates of the field-free (@i (n)|fra fla|XS). (11)
molecule to a good approximation for all dressing polarizations con-
sidered. Therefore, the transition amplitudes between the dressed ~ Eq. (11) implies that, for wg = 25575.0 cm™ ', the field-free and field-

states |®;(n)) and |®¢(n)) evaluate to dressed spectra are identical in the low-energy region, as can be seen
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in Fig. 2. In other words, no new peaks or splittings of peaks appear
in the low-energy part of the field-dressed spectrum. This finding is
also supported by the inset in the upper left panel of Fig. 2 showing
a selected peak of the low-energy spectral region.

The high-energy region of the field-free spectrum contains
several peaks corresponding to transitions from the X vibrational
ground state to A vibrational states. A striking feature of the high-
energy region is the v4 progression, the corresponding transitions
are labeled with the quantum numbers vv; + v4 of the final A vibra-
tional states in Fig. 2. The high-energy part of the field-dressed spec-
trum shows splittings of certain peaks of the field-free spectrum.
Some of these splittings are featured by the insets in the right pan-
els of Fig. 2. It is apparent in Fig. 2 that the field-dressed spectrum
is sensitive to the choice of the polarization vector of the dressing
field. In this case, higher-lying vibrational states are involved in the
dressing process, which gives rise to mixings of field-free X and A
vibrational levels due to the higher density of states. The mechanism
of the peak splittings and the polarization dependence of the field-
dressed spectrum can be understood by considering m field-dressed
states of the form

m—1 , ,
| (n+1)) = ,321 c)(({%?n+l|Xkl;)|n 1)+ Apn),  (12)

which are superpositions of m — 1 X vibrational states and a single
A vibrational eigenstate. The transition amplitude for the transitions
|®i(n)) = |@fs (1 + 1)) reads

A

(@) |fra] g (n + 1)) = ) (X0t

Aj), (13)

which implies that in the field-dressed case the system can make
transitions from |®;(n)) to m |®s(n + 1)) states and the field-free
peak |X0) — |Aj) splits into m peaks in the field-dressed spec-
trum. It is important to note that since the coefficients U

Xk;;,n+1
!
cgfn) are elements of an orthogonal transformation matrix, the sum

and

of field-dressed transition probabilities over the manifold of the
m |®@:(n + 1)) states equals the transition probability of the field-free
transition |X0) — |Aj), that is,

- [{@i(m) |y (n + 1)) = |(XO|fral AP (14)
=1

Equation (14) suggests that the intensity of the field-free transi-
tion |X0) — |Aj) is distributed over the m different field-dressed
transitions |®;(n)) — D (n + 1)).

The dressing wavenumber of wq = 25575.0 cm™ " is nearly res-
onant with the vibronic transitions |X, v3 + 2v4 + 2vs) (6206.5 cm™*,
A symmetry) — |A, 3v, + v4) (31782.2 cm™', By), |X, 3vs + vs)
(6207.1 cm™', Ay) — |A, 3v2 + v4) (317822 cm™ !, By), and
X, 2v2 + v3 + 2v6) (73623 cm™*, A}) — |A, 4vy + v4) (32937.2cm™,
B1), leading to the formation of field-dressed states of Eq. (12). As
the vibrational state |A, 3v, + v4) is coupled to |X, v3 + 2v4 + 2v6)
by the y TDM component (B;) and to |X, 3v4 + vs) by the x TDM
component (B,), depending on the polarization of the dressing field,
the field-free peak 3v, + vy splits into three (e = ey) or two peaks
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FIG. 3. One-dimensional field-free potential energy cuts (Vo and Vs4) along the
v, (C=0 stretch) normal mode (Q, denotes the normal coordinate of the v, mode).
The excited-state potential curve (Vs;) is shifted down by the photon energy value
corresponding to the dressing wavenumber of 29592.0 cm=". The vibrational
energy levels are indicated by the horizontal lines with colors encoding irreducible
representations of the C,,, point group.

(e =ey ore=e) in the field-dressed spectrum. In addition, the vibra-
tional states |A, 4v> + v4) and |X, 2v, + v3 + 2v6) are coupled by the
y component of the TDM. Consequently, the field-free peak 4v, + v4
splits into two peaks in the field-dressed case if e = ey, or e = e, and
no splitting occurs for e = e,.
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FIG. 4. Two-dimensional light-induced adiabatic potential energy surfaces along
the v, (C=0 stretch) and v4 (out-of-plane bend) normal modes (Q, and Q4 denote
the normal coordinates of the modes v, and v4). The dressing wavenumber and
intensity are chosen as wy = 29592.0 cm~" and Iy = 10" W/em?, respectively, and
the dressing field is polarized along the body-fixed y axis. Note that this dressing
intensity value is chosen for a better visualization only. The light-induced conical
intersection is highlighted in the inset on the right-hand side. The character of the
light-induced adiabatic potential energy surfaces is indicated by different colors
(see the legend on the left).

J. Chem. Phys. 154, 124308 (2021); doi: 10.1063/5.0045069
Published under license by AIP Publishing

154, 124308-6


https://scitation.org/journal/jcp

The Journal

of Chemica

| Physics

B. Intensity borrowing effects in the field-dressed

spectrum

If the dressing field couples the X vibrational ground state to m

A vibrational states, the initial field-dressed state becomes
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Such a situation is featured in llg,
of the ground-state and excited-state PESs are shown along the v,

Absorption, Emission / a.u. Absorption, Emission / a.u.

Absorption, Emission / a.u.

ZCAk - |[Akg)n = 1).

(15)

where one-dimensional cuts

8 T T T T T T T
[ dressing field polarization: x X —— Field free
T | Edessing = 29592 cm” o —x E
6-_ LRI B ::3’ 1
L 72838
5 - - = -
4 .
3F 2 .
2 Lo aa Lol s b s i
727 2728 0 2729
1 - -
0 10 o 4% KT- P, 1 1 T f X
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35
-1
Probe wavenumber / 1000 cm
8 T T T T T T T
[ dressing field polarization: y X —— Field free
7T T Edessing = 29592 cm” e —x E
r TTT T[T T T T [TTTT A—y
6 L T T T .-z |
L 2.72838
5 - - = -
4 - -
3+ 2 .
2 [ IR | IV A i
2727 2728 2729
Lo 1
0 3 1 5 KTQ ] 1 1 T f L
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35
-1
Probe wavenumber / 1000 cm
8 T T T T T T T T T T
[ dressing field polarization: xy X —— Field free
T T Egessing = 29592 cm” o —x 1
| DL NP S B A Y
6 - . . —z -
2.72838
5 - - = -
4 + .
3+ 2 .
2 | [N ol i
727 2728 2729
1 - .
e
0 ! 10 6w &T— o8 I I T f ¥
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35

Probe wavenumber / 1000 cm’1

FIG. 5. Field-dressed and field-free spectra of the H,CO molecule in the low-energy region. The dressing intensity equals /g = 10" W/cm?. The dressing wavenumber values
(wg=29591.0 cm~" and wy = 29592.0 cm~") and polarization vectors [e, = (1,0, 0), e, = (0, 1,0), and ey, = (1,1, 0)/+/2] are given in the figure. Field-dressed transitions
(absorption: solid lines and full markers; emission: dashed lines and empty markers) polarized along the x, y, and z axes are shown by the markers o, A, and m, respectively,
while field-free transitions are indicated by the marker x. It is apparent that the field-dressed spectrum exhibits peaks that are missing from the field-free spectrum and peaks
of the field-free spectrum appear with reduced intensities in the field-dressed spectrum. Note the sensitivity of the field-dressed spectra to the dressing parameters.
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vibrational mode (normal coordinates other than Q, are set to zero). resonant with the closely lying vibrational states |A, vs + v4)
In Fig. 3, the dressing wavenumber is set to wg = 29592.0 cm™" and |A, 2v4 + v6). Figure 4 displays two-dimensional cuts of the
and the excited-state potential curve is shifted down with the light-induced adiabatic PESs along the v, and v, vibrational modes

energy of the dressing photon. Consequently, |X0) becomes nearly for wg = 295920 cm™', Iy = 10" W/cm?, and e = e,. The
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FIG. 6. Field-dressed and field-free spectra of the H,CO molecule in the high-energy region. The dressing intensity equals /g = 10" W/cm?. The dressing wavenumber values
(wg=29591.0 cm~" and wy = 29592.0 cm~") and polarization vectors [e, = (1,0, 0), e, = (0, 1,0), and ey, = (1,1, 0)/\/5] are given in the figure. Field-dressed transitions
(absorption: solid lines and full markers; emission: dashed lines and empty markers) polarized along the x, y, and z axes are shown by the markers o, A, and m, respectively,
while field-free transitions are indicated by the marker x. It is apparent that the field-dressed spectrum exhibits peaks that are missing from the field-free spectrum and peaks
of the field-free spectrum appear with reduced intensities in the field-dressed spectrum. Note the sensitivity of the field-dressed spectra to the dressing parameters.
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two-dimensional cuts, given as functions of the Q, and Q4 nor- dressing situation on the low-energy and high-energy regions of the
mal coordinates (the remaining four normal coordinates are set to field-dressed spectrum will be elucidated.
zero), clearly show that a LICI is formed between the two light- Figure 5 shows the field-free and field-dressed spectra of

induced adiabatic PESs. In what follows, the impact of the current H,CO in the low-energy region with wg = 29591.0 cm™" and

. 8 T T T T T T T . 8 T T T T T T T
:f dressing field polarization: x X —— Field free 5 [ dressing field polarization: x X —— Field free
S 7 T Edesing = 31642 cm” ¢ —x - S 7 [ Eiessing = 31643 cm! o —x -
A — y - A — y
'5 6 - " — 7z - .§ 6 -_ . —2z -
Z 5 1 25t ]
UEJ 4 g UEJ 4 i
g3 1 E°r ]
Eaf I £l -
2L ] 216 ]
o : ! L
< 0 alil a B | XT. X Il Il T ﬁ X < 0 T?| 1 IT X 1 Il T ﬁ X
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
-1 -1
Probe wavenumber / 1000 cm Probe wavenumber / 1000 cm
5’ 8 T T T T T T T :' 8 T T T T T T T
. dressing field polarization: y X —— Field free . [ dressing field polarization: y X —— Field free
f 7T T Edessing = 31642 cm” e —x B S 7T T Edessing = 31643 cm” o —x E
A — y + A — y
g 6 - " — 7z - g 6 - (o] . —z -
Z st 1 Zsp | y
UEJ 4r . UEJ 4+ i
g3 o 1 83 ]
N | N |
e i -
R i 1 Z1r o i i .
< 0 Q 8-:1 mxt L] 1 1 }ﬁ L] < 0 I 1 ! ] 1 P f L)
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
-1 -1
Probe wavenumber / 1000 cm Probe wavenumber / 1000 cm
:f dressing tl‘leld polarim‘tion: Xy I I I X I— Field frlee : [ dressing flleld polarizaltion: Xy I I I X I— Field frlee
f Tr Ejressing = 31642 em’”! e —xX N C\S 7 Egressing = 31643 em” o — X —
a—y 3 Ay
5 61 B . 5 6 -' " —z .
Z s 1 £sp ¢ 1
UEJ 4+ - Lg 4t .
£ 1 B ]
S R -
ihn e o3 200 e o
< O & mit L 1 1 o { ¥ < 0 Py .ﬁ [ioﬂ &Xi w 1 s | f L
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
-1 -1
Probe wavenumber / 1000 cm Probe wavenumber / 1000 cm

FIG. 7. Field-dressed and field-free spectra of the H,CO molecule in the low-energy region. The dressing intensity equals /g = 10" W/cm?. The dressing wavenumber values
(wg =31642.0 cm=" and wy = 31643.0 cm=") and polarization vectors [e, = (1,0, 0), e, = (0, 1,0), and ey, = (1,1, 0)/+/2] are given in the figure. Field-dressed transitions
(absorption: solid lines and full markers; emission: dashed lines and empty markers) polarized along the x, y, and z axes are shown by the markers o, A, and m, respectively,
while field-free transitions are indicated by the marker x. It is apparent that the field-dressed spectrum exhibits peaks that are missing from the field-free spectrum and peaks
of the field-free spectrum appear with reduced intensities in the field-dressed spectrum. Note the sensitivity of the field-dressed spectra to the dressing parameters.
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wg = 29592.0 cm™'. For both values of wg, the dressing intensity ~ (29589.9 cm™', B;) and |X0) (0.0 cm™, A;) — |A, 2v4 + ve)
was set to I4 = 10'" W/cm® and the polarization vectors ey, e, and (29592.6 cm™, By), which induces mixing of |X0) with |A, v3 + v4)

ey, were considered. The two wq values applied are in near res- and |A, 2v4 + v6). As a result, the initial field-dressed state can
onance with the transitions |[X0) (0.0 cm™, A;) — |A, v3 + v4) be described as superposition of the states |X0), |A, vs + v4), and
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FIG. 8. Field-dressed and field-free spectra of the H,CO molecule in the high-energy region. The dressing intensity equals /g = 10" W/cm?. The dressing wavenumber values
(wg =31642.0 cm=" and wy = 31643.0 cm=") and polarization vectors [e, = (1,0, 0), e, = (0, 1,0), and ey, = (1,1, 0)/\/5] are given in the figure. Field-dressed transitions
(absorption: solid lines and full markers; emission: dashed lines and empty markers) polarized along the x, y, and z axes are shown by the markers o, A, and m, respectively,
while field-free transitions are indicated by the marker x. It is apparent that the field-dressed spectrum exhibits peaks that are missing from the field-free spectrum and peaks
of the field-free spectrum appear with reduced intensities in the field-dressed spectrum. Note the sensitivity of the field-dressed spectra to the dressing parameters.
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|A, 2v4 + v6), having the form of |®;(n)) in Eq. (15). An important
prerequisite of this mixing process is that the energy of the dress-
ing photon exceeds the X — A adiabatic excitation energy. Note
that this criterion is not met in Sec. III A; therefore, no mixing of
|X0) with A vibrational states is possible in the dressing situation of
Sec. [1I A.

The analysis of the numerical results has revealed that the
final field-dressed states relevant for the low-energy region can be
described as

|®f(n)) = [Xf)|n) (16)
and

| (n)) = [Af)n - 1), (17)

which gives rise to the transition amplitudes

(18)

(@i(n)|fia] @ (n)) =
and

(@4 (n) 1| Dy (m)) = Zcﬁzjnl

olAf'). (19)

According to Eq. (18), peaks corresponding to the field-free
transitions |X0) — |Xj) will appear with reduced intensities in the

low-energy field-dressed spectrum since |c)((to): [* < 1. The insets of
Fig. 5 highlight a selected low-energy peak whose position and inten-
sity are altered to different extents depending on the dressing field
parameters. Equation (19) pertains to peaks that are missing from
the field-free spectrum, but they are clearly visible in the low-energy
field-dressed spectra of Fig. 5. These transitions (absorption or emis-
sion, depending on the energy of |®/(n))) are associated with the
PDM of the A electronic state, and their appearance in the field-
dressed spectrum can be attributed to intensity borrowing from
peaks of Eq. (18). It is apparent in Fig. 5 that the field-dressed spec-
tra are highly sensitive to both the dressing wavenumber and the
polarization vector of the dressing field. This effect originates in the
dependence of |®;(n)) on the dressing parameters wq and e. Due
to symmetry, the state pairs |[X0) and |A, v3 + v4), and |X0) and
|A, 2vs + v6) are coupled by the y and x components of the
TDM, respectively. Therefore, changes in the direction of e tune the
effective coupling matrix elements between the two state pairs men-
tioned, while the value of wg influences the energetic position of
|A, vs + v4) and |A, 2v4 + ve) relative to |X0), as shown in Fig. 3.
Clearly, both factors influence the composition of |®;(n)) and thus
the peak structure of the field-dressed spectrum.

Figure 6 shows the field-free and field-dressed spectra of H,CO
in the high-energy region with the same dressing parameters as in
Fig. 5. If we assume that the final field-dressed states relevant for the
high-energy region take the form

|@f(n+1)) = |Af)|n) (20)

and

@ (n = 1)) = [Xf)n - 1), 1)

ARTICLE scitation.org/journalljcp

we get the transition amplitudes

(22)

(@i(n)|fia] @ (n + 1)) = <0
and

mz:, (BkglaalXf).(23)

(®i(n)|fra B (n = 1)) =

Equation (22) refers to transitions that correspond to absorption
peaks in the field-dressed spectrum. These transitions appear in
the upper half of the high-energy field-dressed spectrum, and their
intensities are reduced compared to their field-free counterparts,
which is readily explained by Eq. (22). A selected peak of this kind is
displayed in the insets of Fig. 6 showing field-dependent changes in
the position and intensity. Equation (23) characterizes field-dressed
emission peaks that are missing from the field-free spectrum. The
emission peaks are visible mainly in the lower half of the high-
energy field-dressed spectrum, and they borrow intensity from the
absorption peaks of Eq. (22). Similarly to the previous case, one
can again notice the sensitivity of the field-dressed spectrum to
wq and e due to the dependence of |®;(n)) on the dressing field
parameters.

Figures 7 and 8 present the low-energy and high-energy field-
free and field-dressed spectra of H,CO with wq = 31642.0 cm™
and wyq = 31643.0 cm”}, Iy = 10! W/cm?, and the polarization
vectors ey, €, and ey,. As the current dressing wavenumbers are
higher than the previously used values of wq = 29591.0 cm™* and
wgq = 29592.0 cm™, the higher-lying vibrational states |A, 2v4 + vs)
(31640.7 cm ™', B) and |A, 2v; + 3v4) (31 643.7 cm™ ", B;) are mixed
with |X0) (0.0 cm™!, A;) by the dressing field. The field-dressed
spectra in Figs. 7 and 8 show effects similar to the previously ana-
lyzed case, which can again be interpreted using the theoretical con-
siderations of this subsection. What makes the field-dressed spectra
in Figs. 7 and 8 different from the spectra in Figs. 5 and 6 is that
|®i(n)) is now composed of |X0), |A, 2v4 + vs), and |A, 2v, + 3vs).
Since these A vibrational states are different from |A, v3 + v4) and
|A, 2v4 + vs) (which are relevant for the previous case with wqg
=29591.0 cm™ ! and wg = 29592.0 cm™}), the peak structures are
noticeably altered compared to the previous case, primarily through
the transition amplitude formulae in Egs. (19) and (23).

IV. CONCLUSIONS

In the present work, fingerprints of light-induced nonadia-
baticity have been investigated in the field-dressed spectrum of the
formaldehyde (H,CO) molecule. Both the low-energy and high-
energy regions of the field-dressed spectrum have been carefully
analyzed and compared to the field-free results by performing accu-
rate full-dimensional quantum-dynamical calculations. We have
also discussed in detail how the different laser frequencies and field
polarization directions influence the impact of the LICI on the
field-dressed spectrum. Our results clearly demonstrate that small
changes in the parameters of the dressing field cause substantial
changes in the field-dressed states and field-dressed spectra. We
expect that dressing intensities higher than the value used in the
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present work (I4 = 10" W/cm?) will further enhance light-induced
nonadiabatic effects.

For a lower dressing wavenumber (wgq = 25575.0 cm™Y), the
low-energy part of the field-dressed spectrum practically remains
unchanged. Neither new peaks nor splittings of peaks appear in this
part of the field-dressed spectrum. This picture changes slightly if
the high-energy part of the field-dressed spectrum is considered.
Here, one can observe splittings of certain peaks of the field-free
spectrum and it is also apparent from our results that the field-
dressed spectrum is sensitive to both the dressing wavenumber and
the polarization direction of the dressing field.

Turning to larger dressing wavenumbers (e.g., wq = 29592.0
cm™! or wg = 31642.0 cm™"), the situation changes dramatically
and light-induced nonadiabaticity has a prominent signature on
the field-dressed spectra. In addition to the appearance of emission
peaks in the high-energy part of the field-dressed spectrum, one can
also recognize the so-called intensity borrowing effect, which can be
interpreted as a characteristic fingerprint of nonadiabatic phenom-
ena, manifested by irregular variations of spectral peak intensities
and the appearance of new energy levels.
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