ars CHGRUS

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Strong-field ionization with few-cycle, midinfrared laser
pulses inducing a localized ionization followed by long-
lasting charge migration in halogenated organic molecules
Kyle A. Hamer, Francois Mauger, Kenneth Lopata, Kenneth J. Schafer, and Mette B.
Gaarde
Phys. Rev. A 111, L011101 — Published 29 January 2025
DOI: 10.1103/PhysRevA.111.L011101


https://dx.doi.org/10.1103/PhysRevA.111.L011101

Strong-field ionization with few-cycle, mid-infrared laser pulses induces a localized
ionization followed by long-lasting charge migration in halogenated organic molecules

Kyle A. Hamer," [ Francois Mauger,! Kenneth Lopata,?® Kenneth J. Schafer," and Mette B. Gaarde! [

! Department of Physics and Astronomy, Louisiana State University, Baton Rouge, LA 70808, USA
2 Department of Chemistry, Louisiana State University, Baton Rouge, LA 70803, USA
3 Center for Computation and Technology, Louisiana State University, Baton Rouge, LA 70808, USA
(Dated: December 10, 2024)

We show that applying a few-femtosecond mid-infrared laser pulse parallel to the backbone of a halogenated,
conjugated organic molecule induces localized ionization followed by long-lasting field-free charge migration
(CM). Through time-dependent density-functional theory calculations, we find that this CM is robust with
respect to the parameters of the applied laser pulse. We document the spatial and temporal origin of the
localized hole, which is initiated via strong-field tunnel ionization in the halogen end of the molecule, and near
the peak of the laser electric field. In bromobutadiyne we find a range of wavelengths around 1500 nm that
consistently leads to the initiation of high-contrast CM. In addition, we show that the inclusion of Ehrenfest
nuclear dynamics does not disrupt the creation of the localized hole, nor the subsequent CM motion, in

bromobutadiyne or para-bromoaniline.

Charge migration (CM), the coherent motion of an
electron hole in a molecule following a sudden ionization
or excitation event, is a topic that has attracted much at-
tention within the ultrafast community [IH7]. The elec-
tronic nature of CM means that it typically occurs on
attosecond timescales, and the study of CM is critical for
understanding, and perhaps steering, downstream pro-
cesses such as photosynthesis, photocatalysis, and light
harvesting [8HI0]. First discussed in theoretical studies in
the late 1990s [IH3], several experimental measurements
of CM in various classes of molecules have been reported
in the last decade [4 [6] [7, TTHI3].

Experiments probing CM have generally initiated the
electron hole in one of two ways: by one-photon ioniza-
tion or excitation using an attosecond extreme ultravi-
olet (XUV) or soft X-ray pulse [ 12, T4], or by tun-
nel ionization using an infrared laser pulse [5 5] [16].
Although early theoretical studies of CM often used a
hole initiated by the ad hoc removal of an electron from
some orbital [I7H2I], recent works have used a super-
position of initially-populated cationic states similar to
what would be created from one-photon ionization [22-
25]. Several works have shown that tunnel ionization can
induce ultrafast electron dynamics [B] [26] 27], including
CM in simple two-center molecules [5], but the dynamics
of the hole-formation process and the characteristics of
the hole it leaves behind have been largely unexplored.
Separately, several studies have shown that the charac-
ter of the initial hole is important for the subsequent
CM [28432]: a high initial degree of spatial localization
can lead to high-contrast hole that remains spatially lo-
calized as it periodically travels through the molecule —
what we refer to as particle-like CM in what follows. The
high contrast and simple spatial behavior of particle-like
CM means that it would lend itself well to experimen-
tal probes that are sensitive to local charge densities,
such as X-ray absorption spectroscopy or photoelectron
spectroscopy, as currently employed in state-of-the-art

experiments probing attosecond electron dynamics [33-
360]. However, practical and robust schemes to initiate
particle-like CM have so far remained elusive.

In this Letter, we show how strong-field ioniza-
tion with a short mid-infrared (MIR) laser pulse in-
duces localized ionization followed by robust particle-like
CM in two different halogenated conjugated molecules:
bromobutadiyne (BrC4H) and para-bromoaniline (p-
BrC¢H4NHs). Specifically, using time-dependent
density-functional theory (TDDFT) [37, 38], we show
that a few-cycle pulse polarized along the backbone of
a halogenated, conjugated organic molecule creates a lo-
calized hole on the halogen atom via strong-field tun-
nel ionization, followed by sustained CM motion. Dur-
ing the laser pulse, the electron density predominantly
ionizes near the extrema of the electric field from the
bromine end of the molecule, creating a localized hole.
After the laser pulse has ended, this localized hole travels
freely along the molecular backbone, via the molecule’s
m-bond structure, with a different frequency than that
of the ionizing laser. In bromobutadiyne, we find that
this CM mode is robust with respect to the laser pulse
parameters, as long as the ionization process happens
primarily within one half-cycle of the laser and is dom-
inated by tunnel ionization. Finally, we show that tun-
nel ionization induces a qualitatively-similar CM mode
in para-bromoaniline, and that the inclusion of Ehrenfest
nuclear dynamics for a single, most probable, configura-
tion in both molecules does not disrupt the creation of
the localized hole nor its subsequent high-contrast CM
motion.

We perform our calculations with grid-based TDDF'T
using a local-density-approximation (LDA) exchange-
correlation functional [39H4T] and an average-density self-
interaction correction (ADSIC) [42] [43] within the Octo-
pus software package [44H46]. We use a simulation box
with dimensions of 40 x 40 x 90 atomic units (a.u.), with
the longer dimension parallel to the molecular backbone,
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FIG. 1. (a) Time-dependent hole density in bromobutadiyne
during (negative times) and after (positive) a 3-cycle laser
pulse polarized parallel to the molecular backbone. Here we
show the hole density integrated along the two dimensions
perpendicular to the molecular backbone. (b) Same as (a),
but with the effect of the first-order laser-induced polariza-
tion removed (see text). (c) Time-dependent ionization yield
during the laser pulse for the unfiltered (solid blue curve) and
polarization-filtered (dashed red) dynamics of panels (a) and
(b), respectively. In all panels, the thin black curve sketches
the pulse electric field, with 1500-nm wavelength and 50-
TW/cm? peak intensity.

and a grid spacing of 0.3 a.u. in all directions. Ionization
is incorporated via a sin? complex absorbing potential
that extends 12.5 a.u. from the edges of the box.

Figure[l] (a) illustrates the strong-field-induced CM dy-
namics in the bromobutadiyne molecule during and af-
ter a few-laser-cycle ionizing pulse. We show the time-
dependent hole density py(z,t), defined as the difference
between the neutral ground-state density and its subse-
quent time-dependent evolution, integrated over the di-
rections transverse to the molecular backbone. We set
the time ¢t = 0 such that the laser driven dynamics takes
place for ¢ < 0 and the field-free dynamics for ¢t > 0.
Here, the molecule starts in its neutral ground state, and
then we apply a 1500-nm (wz, = 0.83 eV), 50-TW /cm?
laser pulse polarized along the molecular backbone. Un-
less otherwise specified, all the results we show in this
Letter use a total pulse duration of 3 optical cycles, and
the carrier-envelope phase (CEP) of the laser pulse is
chosen such that the global extremum of the electric field
points towards the bromine, to promote ionization from
that end of the molecule — see the black curves in the fig-
ure. During the laser pulse, the molecule is strongly po-
larized, such that the electron density is strongly driven
by the Lorentz force. Once the pulse has ended, the dy-
namics settles into a long-lasting, high-contrast particle-
like CM mode with a period of 3.0 fs (weym =~ 1.4 eV).

In Figure [1] (a), the strong red-blue separation in the

presence of the laser field reflects the first-order (linear)
polarization response of the electron density to the laser
field. In each half cycle, more positive charge (blue) is
pushed in the direction of the field and more negative
charge (red) is pushed opposite to it. This polarization
response is not associated with any ionization, but in-
stead is simply a redistribution of charge along the molec-
ular axis. To study the time dependence of the ionization
process, we need to see beyond the linear response. We
do that by subtracting out the part of the time-dependent
hole density that is proportional to the electric field:

ﬁh(ZJt) = ph(Z,t) - a(Z)EZ(t) . (1)

We show this quantity in Fig.[1|(b). At each point z along
the molecular axis, we determine the parameter a(z) by
a least-squares fit of the hole dynamics for the first two
femtoseconds of the pulse, before nonlinear effects kick in
— see supplemental materials (SM) [47], Section I. This
polarization filter is not unlike a frequency filter, remov-
ing frequency components of the laser-induced dynamics
near the laser frequency wr; however, the above scheme
also takes into account the shape of the few-cycle laser
pulse in the time domain, dramatically improving the ac-
curacy of the fit. For example, by definition, the original
and polarization-filtered dynamics are identical when the
field is off, for ¢t > 0. We have also checked that the po-
larization filter preserves the time-dependent ionization
yield, as evidenced by the almost-perfect match between
the original (solid blue curve) and filtered (dashed red)
yields in Fig. [1] (¢). Panel (c) also reveals that ioniza-
tion primarily happens shortly after the largest peak of
the laser pulse. The short delay between the global ex-
tremum of the field (at t = —7.5 fs) and the steep jump in
the ionization yield is due to the time it takes for the ion-
ized density to reach the absorbing boundary. With our
choice of laser parameters for Fig. [l in total the applied
laser pulse ionizes approximately 0.3 electrons.

After removing the explicitly linear response, Fig.[1](b)
shows that the hole (blue) is formed at the peaks of the
laser field and predominantly on the bromine atom, near
-10 and -7.5 fs. Like the neutral, the resulting cation is
highly polarizable such that the laser field also drives the
newly created hole up and down the molecular backbone
at the frequency of the laser, as evidenced by the hole
density on the terminal bond as well as on the Br atom
just before and after ¢ = —5 fs. The laser field thus
preserves the hole’s localized nature until the field-free
dynamics takes over near t = 0.

It is clear from Fig. [1| that the frequencies of the laser-
driven and the field-free hole dynamics are different. We
start by analyzing the field-free dynamics, and in particu-
lar consider the effect of the ionizing-pulse wavelength on
the frequency of the CM. We extract the CM frequency
by constructing a complex signal x(¢) such that Re[x ()]
is the hole density integrated around the bromine atom
and Im[x(t)] is the hole density integrated around the
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FIG. 2. Field-free CM (a) frequencies and (b) contrast (see
text) induced by a 3-optical-cycle, 50 TW /cm? pulse, as func-
tions of the laser wavelength.

terminal C=C bond. We then detect the two strongest
non-zero frequency components of x(t) [29] and show the
results in Fig. [2 (a). Strikingly, we see that the fun-
damental field-free CM frequency (red curve) is robust
in a range of wavelengths between 1.0 and 2.5 pym at
wem ~ 1.4 eV. We also see that the second leading fre-
quency (blue curve) is locked at 2wcn, which is a hall-
mark of a robust partile-like CM mode [29] [30].

To quantify the overall efficacy of the CM-creation pro-
cess, we calculate the CM dynamics contrast as a function
of the laser wavelength: we first fit the hole density inte-
grated around the bromine atom to A cos (wemt + ¢) +
B, where we get wcym from the frequency analysis of
Fig. [2| (a). Then we define the CM contrast as the
ratio ccy = A/B and show the result in Fig. [2| (b);
by construction, 0 < copm < 1. In our case, we see a
large range of wavelengths near 1500 nm where the in-
duced CM mode in bromobutadiyne is robust and has a
high contrast. Above 1800 nm, tunnel ionization heav-
ily favors removing charge from the highest-occupied
molecular orbital. This puts the molecule close to its
cationic ground state, thereby lowering the contrast of
the CM. Therefore, we expect that some amount of non-
adiabaticity is needed in the ionization process to sustain
the spatially-localized hole required for field-free CM.
Around 1200 nm, we observe a dip in the contrast, likely
due to some target-specific resonant process around this
wavelength.

Overall, the results of Fig. [2| show that few-cycle MIR
strong-field ionization in bromobutadiyne creates an elec-
tron hole with some degree of spatial localization around
the halogen, followed by a robust CM mode with a fre-
quency of 1.4 eV [29]. As shown in Section II of the SM
[47], we also find that: (a) the CM frequency is nearly in-
dependent of the relative orientation of the molecular axis
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FIG. 3. (a, b) Gabor transforms of the polarization-filtered
hole dynamics of Fig. [1] (b) around the (a) bromine and (b)
terminal bond ends of the molecule. The horizontal dashed
lines mark the laser and CM frequencies during and after the
pulse, respectively. The width of the window used in the
Gabor transform is approximately 18.7 fs. (¢, d) Wavelength
dependence of the polarization-filtered hole dynamics around
the same two ends of the molecule. For each wavelength,
the colormap is obtained by taking the intensity of Fourier
transform of the polarization-filtered hole dynamics over the
entire duration of the driving field, fixed at 3 laser cycles and
same peak intensity and CEP as in Fig.

and the laser polarization, the laser pulse CEP, and the
pulse duration, (b) the best contrast is achieved when the
largest electric field points toward the Br atom, and (c)
the best contrast is achieved with few-cycle pulses, likely
because for longer pulses, there is competition between
the laser dynamics and the CM dynamics that builds up
while the laser pulse is still on. In contrast, for near-IR
and XUV wavelengths we generally find that strong-field
ionization does not lead to high-contrast particle-like CM
— see Section III of the SM [47].

We next explore the dynamics of the hole creation
process, and contrast it with the field-free dynamics.
Fig. a,b) shows a time-frequency analysis of the hole-
density around the two ends of the molecule. Specifically,
we integrate the polarization-filtered time-dependent
hole density in small regions around the bromine and
terminal C=C bond (1 and 3 a.u. widths, respectively —
see the sketch on the right of the figure), and perform a
Gabor transform of both time-dependent signals.

Figure [3[ (a) shows that, during the laser pulse, the
polarization-filtered hole dynamics on the bromine end of
the molecule is periodic at twice the laser frequency: the
spectrogram is centered around the upper dashed hori-



zontal line at 2wy, = 1.67 eV for t < 0. This is in contrast
to the terminal bond polarization-filtered spectrogram of
Fig. 3| (b), which does not exhibit any prominent period-
icity during the laser pulse. After the laser pulse is over,
the spectrograms at both ends of the molecule switch
to the CM-mode frequency wey ~ 1.4 eV, with a small
contribution from the 2wy harmonic that is character-
istic of CM modes [28, [30]. The transition between the
laser-driven and field-free frequencies is determined by
the width of the window used in the Gabor transform,
which must be larger than both the laser and CM peri-
ods.

Next, we investigate the effect of the driving wave-
length on the strong-field tunnel ionization process and
the field-free CM it induces. For this, we fix the pulse
CEP, duration (3 optical cycles total), and peak inten-
sity (50 TW/cm?) while varying the laser wavelength.
Fig. 3| (c,d) shows the evolution of the Fourier transform
of the polarization-filtered hole density, over the entire
duration of the pulse and around the two ends of the
molecule as functions of the wavelength. Irrespective of
the wavelength, from 1.0 to 2.5 pm, the bromine end
of the molecule again exhibits a strong 2w;, feature. In
contrast, the most prominent feature at the terminal-
bond-end of the molecule in Fig. [3| (d) is the absence
of the linear response that was removed by the polar-
ization filter (the light-colored streak along wy) and a
high-frequency response near 3wy. Altogether, the re-
sults in Fig. [3] support our conclusion from Figs. [I] and
that MIR strong-field ionization robustly induces a local-
ized hole, predominantly on the halogen end of the target
[27, 48]

Finally, we investigate the effect of nuclear dynamics,
during and after the ionizing pulse, on the hole creation
process and its subsequent CM dynamics. We do this by
including nuclear dynamics into our TDDFT simulations,
at the Ehrenfest level. As a mean-field approach, Ehren-
fest TDDFT may miss important elements of the nuclear
wave packet dynamics, e.g., when potential-energy sur-
faces with different character are involved in the coupled
electron-nuclear dynamics [49-51]. Instead, here we use
it to gauge the extent to which the nuclei move through-
out the driven and field-free dynamics and how important
that motion is for the induced particle-like CM dynam-
ics. The first step in our Ehrenfest TDDF T simulations is
to optimize the molecular geometry for the specific DFT
functionals we use in the time propagation. In our case
it leads to a shrinkage of the bromobutadiyne molecular
model by about 1 A as compared to the more realistic
configuration we have used above [28] [30] — section IV of
the SM [47]. The shorter molecule leads to a higher CM
frequency without otherwise qualitatively affecting the
overall dynamics. Starting from the optimized neutral
geometry, Figs. [4| (a,b) compare the Fourier transform
of the field-free hole dynamics in bromobutadiyne (a)
without and (b) with the inclusion of Ehrenfest nuclear
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FIG. 4. Fourier transform of the field-free hole dynamics in
bromobutadiyne induced by a 3-cycle, 1000-nm, 50-TW /cm?,
pulse (a) without and (b) with Ehrenfest nuclear dynam-
ics. Here we start our simulations from an optimized geom-
etry leading to a slightly shorter molecule than in the pre-
vious figures (see text). (c¢) Time-dependent hole density in
para-bromoaniline during and after a 3-cycle, 1300-nm, 25-
TW/cm? pulse.

dynamics following strong-field ionization by a 3-cycle,
1000-nm, 50-TW /cm? pulse.

As was done in Ref. [52], to make a meaningful com-
parison between Figs. 4| (a) and (b), we redefine the time-
dependent hole density to account for nuclear motion as

pr(7t) = p{ RO 1) = p{R@EN(T) ()

where p[{R(t)}](7,t) is the time-dependent electron
density from the Ehrenfest TDDFT calculation, and
po[{R(t)}](7) is the ground-state electron density of the
neutral calculated for the time-dependent nuclear geome-
try {R(t)}. This redefinition of the hole density removes
low-frequency contributions which occur due to the mo-
tion of the electron density that is localized around each
of the moving atomic centers.

Strikingly, in Fig. [] all the purely-electronic features
of panel (a) are repeated when the Ehrenfest nuclear dy-
namics is turned on in (b). In the latter, nuclear vibra-
tion manifests as a low-frequency feature around 0.2 eV
and two sidebands at 2.54+0.2 eV around the CM fre-
quency. This type of sidebands was also observed in the
calculations of Ref. [52]. The time-dependent hole den-
sities (not shown) corresponding to Figs. [f{a) and (b)
are qualitatively very similar, since the nuclear dynamics
is relatively weak. Thus, we conclude that the inclu-
sion of Ehrenfest nuclear dynamics does not change ei-
ther the initiation nor the propagation of the CM mode.
A thorough investigation into the effect of including nu-
clear degrees of freedom in bromobutadiyne, including



sampling over different initial geometries, can be found
in Ref. [52]. In short, the authors found that though
each nuclear configuration yielded long-lasting CM dy-
namics, the frequency of this dynamics varies by up to
0.25 eV depending on the nuclear geometry. Thus, we ex-
pect that some damping of the CM dynamics’ visibility
to experimental probes could arise from the macroscopic
averaging of many molecules undergoing CM at slightly
different geometries in the interaction region between the
laser beam and gas target.

As a further demonstration of the robustness of few-
cycle MIR tunnel ionization in inducing field-free CM
dynamics, in Fig. [4] (c) we show the time-dependent hole
density of Eq. for a para-bromoaniline molecule ir-
radiated by a 3-cycle, 1300-nm, 25-TW /cm? laser pulse,
including Ehrenfest nuclear dynamics. Compared to bro-
mobutadiyne, we adjust the field intensity and wave-
length to account for para-bromoaniline’s lower ioniza-
tion potential and optimal CM-inducing laser configura-
tion. During the laser pulse (¢ < 0), the electron density
is strongly affected by the Lorentz force, as was also seen
in Fig. [If (a). After the pulse (¢ > 0), the hole dynam-
ics settles into a long-lasting CM mode, which spans the
entire length of the molecule and has a period of 2.0 fs
(wem =~ 2.0 V). When removing the Ehrenfest nuclear
dynamics, we find that the hole density in both the time
and frequency domains looks identical to Fig. 4| (¢) and
its Fourier transform, respectively.

In conclusion, we have shown that strong-field tun-
nel ionization with a few-cycle MIR laser pulse can cre-
ate a localized electron hole, both in time and space,
on the halogen end of a halogenated, conjugated organic
molecule. This localized ionization then induces a robust
CM mode along the entire backbone of the molecule after
the laser pulse has ended. The frequency of the CM mode
is independent of the ionizing-laser wavelength, as shown
in Fig. 2| (a), and also robust with respect to the pulse
duration, CEP, and angle between the molecular back-
bone and the electric field. Finally, we have found that
the inclusion of nuclear dynamics via Ehrenfest TDDFT
does not qualitatively affect the CM mode.

Given that tunnel ionization generates CM mode dy-
namics in two molecules as different as bromobutadiyne
and para-bromoaniline, we expect that our results will
work for other functionalized halobenzenes and perhaps
bio-relevant molecules as well. Our preliminary results
show that one-photon ionization out of localized inner-
valence orbitals, using a 20-50 eV attosecond pulse, does
not induce the same type of particle-like, high-contrast
CM dynamics as shown above. Further investigations
into the shorter-wavelength regime could provide inter-
esting insights into these observations.

Data availability: The TDDFT simulation data and
Python scripts we use to produce the figures are avail-
able at [authors will provide link to public repository for
production].
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