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High-harmonic generation (HHG) has been established as a powerful tool for studying
structure and dynamics of quantum systems in gas and solid phases. To date, only a
few studies have extended HHG spectroscopy to liquids, and much remains unresolved
concerning the information that can be extracted from HHG spectra about the local
liquid environment and the potential of HHG as a nonlinear probe of solvation dynam-
ics. In this work, we investigate HHG in liquid binary solutions consisting of mixtures
of aromatic benzene derivatives solvated in methanol. We observe evidence of alocalized
solvation structure that is imprinted on the harmonic spectra in the form of a strongly
suppressed harmonic order, and an overall reduction of the total harmonic yield. We
characterize this behavior as a function of laser parameters, concentration, and other
halogenated benzene derivatives in methanol solution. Guided by theory, we interpret
the results in terms of a localized solvation shell that is formed in specific solutions
and acts like a local scattering barrier in the HHG process. This work demonstrates
the potential of high-harmonic spectroscopy in liquids to extract detailed information
about the structure and dynamics of solvation while expanding our understanding of
the fundamental mechanism of HHG in systems with short-range order.

high harmonic spectroscopy | solute-solvent interactions | ultrafast dynamics | liquids

High-harmonic generation (HHG) can be an exquisite probe of both structure and
dynamics in quantum systems and has been widely applied as a time-resolved spectroscopy
in gas-phase atoms and molecules, as well as in condensed-phase dielectric crystals
and two-dimensional materials (I, 2). In contrast, only a few studies have been
performed on HHG in liquid media (3-7) due to the significant challenges involved
in both experimental control and theoretical interpretation of the strong-field interaction
with liquids. Unlike solids, liquids lack long-range periodicity and unlike gases, the
molecules cannot be treated as independent from one another. Instead, liquids exist in
a dense, dynamically fluctuating state with only short-range order, creating a complex
environment for investigating HHG mechanisms. As a result, relatively little is known
about the electron dynamics of strongly driven molecules in the liquid phase, even though
many molecules exist most naturally in liquid environments.

Previous studies of HHG in liquids have been performed in pure solvents and have been
mainly limited to water and alcohol. The first study of HHG from bulk liquid involved
a gravity-fed liquid sheet to compare the harmonic yield of water and heavy water and
was limited to low-order harmonics (3). Later, the use of a flat, ultrathin sheet of liquid
(4), leading to reduced EUV absorption and phase matching, enabled measurement of
HHG spectra from a bulk liquid. More recently, a transition from discrete odd-order
harmonics to continuous spectral structure was observed when decreasing the driving
pulse duration from multiple cycles to sub-two cycles (6). That study established that the
cut-off energy in the liquid phase is independent of pulse duration, in agreement with
experiment and ab initio simulation.

In a separate study, Mondal et al. established experimentally the existence of a
wavelength-independent cutoff energy in liquid water and liquid alcohol (5). Using
a semiclassical model, the authors explained this in terms of a characteristic length
scale associated with the elastic-scattering mean free path of electrons in the liquid
(8), an interpretation also supported by time-dependent density functional theory
(TDDFT) calculations (5, 9). Similarly, several experimental studies have discussed
their observed cutoff energies and harmonic yields in terms of electrons scattering
on nearby molecules, thereby reducing the cutoff energy and yield [Alexander
et al. (10)] or giving rise to a weak, secondary plateau [Mondal et al. (11)].
Previous theoretical studies have used configuration-averaged TDDFT to model the
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disordered liquid (5, 9, 11), semiempirical rescattering models
incorporating increased scattering on surrounding molecules
(5, 10, 11), or introduced random variations of the potential
in space in one-dimensional (1D) model calculations (12),
obtaining good agreement with the reduced cutoff energies and
yields observed experimentally. Other works have introduced
defects, dopants, and/or vacancies in 1D models of condensed-
phase HHG, and also observed changes in yield and cutoff energy
(13, 14).

Nonetheless, many important questions remain about the
strong-field/liquid interaction and how to use HHG most
efficiently to extract chemically and biologically relevant in-
formation. For example, how does the presence of different
chemical environments or solvation affect the attosecond electron
dynamics, and how is this imprinted on the HHG spectrum?

Here, we explore various liquid environments and the effect of
solvation on the HHG process. We present an experimental and
theoretical study of HHG spectra in binary solutions consisting
of a low concentration of aromatic compounds solvated in
methanol. The solute and solvent were chosen to fulfill both
fundamental and practical considerations. The halo-benzene
derivatives in polar solvents presented an ideal case since they
have been extensively investigated in methanol and water with
particular emphasis on the fluoro-benzene derivatives, which
show significant structural differences in comparison to their non-
halogenic counterparts due to the high electronegativity of fluo-
rine (15). Therefore, adjusting the electronegativity of the sub-
stituent group by investigating PhF, toluene, and other halogens
allowed us to study differences in solvent structure in the context
of HHG (Additional discussion is presented in SI Appendix).
In their pure liquid form, we find that the HHG yield from
the aromatic compounds is higher than that of the nonaromatic
methanol, in agreement with previous measurements of aromatic
versus nonaromatic gas-phase HHG (16). In most of the solu-
tions, we find that the HHG spectrum can be understood in terms
of a simple incoherent sum of harmonics generated from the
corresponding pure liquids. However, we observe a striking dif-
ference in HHG from solutions of fluorinated benzene derivatives
in methanol (MeOH), in which the harmonic yield is lower than
either of the pure liquids alone. Surprisingly, for fluorobenzene
(PhF) in MeOH, we observe almost complete suppression of an
individual harmonic order. We find that the photon energy of
this harmonic changes between 11.0 and 12.5 eV as we vary the
laser intensity and wavelength or the concentration of PhF.

We interpret this result as evidence of local, solvation-
induced scattering structure in the PhF-MeOH solution that
impedes the HHG process. In the language of the three-
step model of HHG (17, 18), tunnel-ionized electrons would
scatter off such a structure with a cross-section that depends on
kinetic energy, then return to the parent molecular ion with a
different phase. We base our interpretations on: i) Molecular
dynamics (MD) simulations demonstrating that a new solvation
shell is formed around the F atom in PhF-MeOH mixtures,
which is not observed in other monohalogenated (Cl, Br, I)
benzene derivatives solvated in MeOH. ii) Model calculations
solving a 1D time-dependent Schrodinger equation (TDSE) that
incorporates a small, local scattering barrier near the ion core,
which leads to both overall reduction of the harmonic yield and
a strong suppression of a single harmonic, in agreement with
the experimental observations. Our experimental results suggest
that the HHG process is sensitive to this local structure in the
solvation environment, even though the solution as a whole lacks
long-range order.
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Experimental Results

As a precursor to our studies of HHG in binary solutions, we
measured HHG spectra separately in pure MeOH and pure PhX
(Ph=CgHs and X=F, Cl, Br, 1), using driving laser wavelengths
of 800 to 3,200 nm, intensities of 20 to 30 TW/cm?, and pulse
durations of 50 to 70 fs. For details about the experimental setup,
including the liquid sheet, see Mezhods. For pure liquids, we find
that the HHG yields for PhX are stronger than those for MeOH,
by 1 to 2 orders of magnitude at fixed intensity, as illustrated in
Fig. 1 for PhF (panel A) and toluene (PhCH3, panel B). Similar
differences in harmonic yield have been observed in gas-phase
studies when comparing the yield of aromatic versus nonaromatic
molecules (16). The aromatic nature of benzene means that
m-electron density is delocalized over the carbon ring, leading
to a large cross-section that makes PhX derivatives excellent
candidates for solutes in MeOH, where their contribution to the
HHG process should become apparent even at low concentration
(see SI Appendix for additional discussion). Consistent with the
results in refs. 4 and 5, we also observed wavelength-independent
cutoff energies in all of the liquids; see S/ Appendix, Fig. S3.

Fig. 1 also shows that the HHG spectrum of the solute—solvent
mixture differs significantly from each pure-liquid spectrum, but
in ways that are unique to each solute. In both cases, the PhF
and toluene concentration is low: 9% by mole. In the PhF case,
we observe two striking effects in the liquid solution: i) near-
total suppression of harmonic 17 (H17) at 12 ¢V, and ii) an
overall decrease in the yield relative to the pure MeOH, even
though the pure PhF yield is much higher than that of MeOH.
Furthermore, the shape and cutoff energy of the spectrum from
the mixture closely resembles that of pure MeOH. In contrast, the
harmonics from the toluene-MeOH solution exhibit behavior
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Fig. 1. Harmonic spectra for pure MeOH (orange), pure solute [yellow: PhF
in (A), toluene in (B)], and a solution of 9% solute and 91% MeOH by molar
concentration (blue), for a driving laser wavelength of 1,800 nm and an
intensity of 30 TW/cmZ. Liquid sheet and laser conditions were identical for
all spectra. In both panels, the thin dashed curve shows the incoherent sum
of 9% of the PhF yield and 91% of the MeOH yield.
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Fig. 2. Integrated harmonic spectra from a PhF-MeOH solution as a
function of (A) laser intensity for driving wavelength of 1,920 nm, keeping
the molar concentrations fixed at 9% PhF and 91% MeOH; or (B) molar
concentration using 30 TW/cm? pulses at 1,800 nm. In all experiments, the
sheet conditions used a 425 pL/min flow rate and 3.5 bar of helium pressure.
The different curves in (B) are vertically offset for clarity. The maximum
harmonic suppression is indicated by the black arrows.

more consistent with a simple (incoherent) sum of the harmonic
emission from the two individual liquids, resulting in a solution-
HHG yield and spectral shape intermediate to the pure liquids.
These observations suggest a difference in the HHG process
from the PhF-MeOH solution, which drastically deviates from a
simple sum of the harmonics emission from constituent liquids,
namely a behavior that is indicative of destructive interference.
Thus, despite toluene and PhF having similar harmonic yields
in their pure forms, their opposing behavior in MeOH solution
underscores the significance of solute—solvent interactions. In the
following, we explore how this interaction manifests in harmonic
spectra as we vary the experimental parameters.

In the experiment, evolution of the harmonic emission is
studied by varying laser parameters (intensity and wavelength)
and solute concentration. Fig. 24 shows the order-integrated
HHG amplitude in PhF-MeOH as the intensity is varied while
keeping the concentration and wavelength constant, at 9% PhF
and 1,920 nm, respectively. As the intensity increases from 22
to 44 TW/cm?, the suppressed harmonic order continuously
evolves from H17 (11 eV) at low intensity to H19 (*12.3 ¢V)
at the highest intensity. Similarly, if we vary the wavelength
by keeping the intensity fixed at 22 TW/cm?, we observe a
difference in the depth of the minimum: As we increase the
wavelength between 1,700 and 1,840 nm, H17 shifts downward
in energy and its suppression deepens until about 1,800 nm
(SI Appendix, Fig. S4). Next, Fig. 2B shows the variation of the
HHG spectra as the PhF concentration varies from 9% to 14%,
with the laser intensity and wavelength fixed at 30 TW/cm? and
1,800 nm, respectively. The figure shows that the energy of the
suppressed harmonic steadily increases with PhF concentration,
from below 12 eV to above 13 eV, and that the minimum
becomes more shallow.
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As documented above, the single-harmonic suppression is
robust for HHG in PhF-MeOH solution across varying wave-
lengths, intensities, and concentrations. To explore whether
this behavior is specific to fluorinated benzene derivatives,
we studied other halobenzenes (PhCl, PhBr, and PhI) under
similar conditions and concentrations. Fig. 3 presents the results,
showing the harmonic yields and their ratios relative to the pure
MeOH yield. These results clearly show that the harmonic yield
suppression in the PhF-MeOH solution is unique; all other
halobenzene solutions exhibit an enbancement of the yield in the
10 to 14 eV range, similar to behavior observed in the toluene—
MeOH solution. The enhancement increases with the halogen’s
molecular weight, ranging from 4x for PhCl, and 13x for PhBr
and Phl. The behavior of all three solutions is much closer to what
one would expect for a simple mixture of two noninteracting
species, suggesting a lack of strong solute—solvent interactions.
In the following, we explore the origin of the unique spectral
suppression of HHG in the PhF-MeOH solution.

Interpretation and Theoretical Modeling

We propose that the observed HHG behavior of the PhF-MeOH
solution can be understood in terms of a local solvation-induced
scattering structure that impedes the generation of harmonics
from MeOH in the presence of a low concentration of PhF.
Such a feature could be either static or dynamic, i.e., stemming
either from the inherent structure of the liquid solution or else
induced by the strong laser field, or some combination thereof.
In the language of the three-step model of HHG (17, 18),
electrons ejected from MeOH would scatter off of the local,
solvation-induced structure with a cross-section depending on
kinetic energy, returning to the parent molecular ion with a
different phase. Low kinetic energy electrons near their classical
turning point have the highest cross-section and are most likely
to scatter, so that a spatially localized structure could lead to
destructive interference of the harmonic emitted upon return
of those electrons. This model would also explain the overall
decreased HHG yield for the PhF-MeOH solution compared
to pure MeOH, as the solvation structure introduced by the
presence of PhF disturbs the generation of all the harmonics, not
simply the single harmonic that is completely suppressed.

Fig. 44 illustrates how the maximum excursion of an electron
(within the three-step model) is related to the emitted harmonic
energy upon return, for a laser wavelength of 1,920 nm and
two different laser intensities, 22 and 44 TW/cm?. The shaded
blue “barrier” at the bottom is illustrative of a narrow solvation
structure located at some distance from the core, taken here to be
3 A. As the intensity is increased, the trajectory sampling a 3 A
distance with near-zero energy corresponds to a return energy
(photon energy) shifted by one harmonic order, ie., H17 —
H19. This is consistent with the intensity-dependent behavior
we observed in Fig. 24, in which the suppressed harmonic
shifted to higher energy as the laser intensity was increased. It
is also consistent with our observed wavelength dependence:
A scattering barrier at a fixed distance would lead to a small
(<0.2 V) downward shift of the maximally suppressed return
energy over the wavelength range 1,700 to 1,840 nm. This would
mean that the photon energy of H17 would move from being
slightly above to almost coincident with the maximally suppressed
energy.

We explore a potential structural origin of such a scattering
barrier by investigating the average structure of PhX-MeOH
solutions using classical MD simulations (19, 20), as described
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Fig. 3. Left side: Harmonic spectra for different PhX-MeOH solutions (at 9% mole concentration) compared to those of pure liquid MeOH. Right side: ratio
of HHG yield in solution versus pure MeOH. In all cases, the laser intensity and wavelength are 30 TW/cm? and 1,800 nm, respectively.

in Methods. We equilibrate a 9% solution of PhF in MeOH at
a normal liquid density of 0.8341 g/cm? and room temperature
and then use it to calculate radial distribution functions (RDFs)
for hydroxyl hydrogen atoms from MeOH around the halogen
atom in PhX, as shown in Fig. 5. The small structure near 2 A,
which is exclusive to the fluorine case, is indicative of a solute—
solvent hydrogen bond. Integration of the RDF up to the first
local minimum suggests thata 9% solution of PhF has about nine
PhF- .- HOCHj3 hydrogen bonds per 100 solvent molecules,
which means that every PhF molecule is involved in forming
a bond. It is a minor feature because the PhF solute mostly
occupies voids that are known to exist in the structure of liquid
MeOH (21, 22), but it is entirely absent except for PhF where
the PhF- - - HOCH3 interaction strength is largest. As compared
to fluorine, hydrogen bonding is much less directional in larger
halides, due to the decreased interaction strength (23).

Thus, one possible cause for the strong suppression of
the harmonic yield in PhE-MeOH solution, as compared to
solutions of the other halobenzene derivatives, could be the extra
solvation shell formed by the PhF- - - HOCHj3 bonds. The high
electronegativity of the F atoms would cause an increased electron
density in the vicinity of the affected MeOH molecules, forming a
scattering barrier as discussed above. Although the 22 A distance
in the RDF is smaller than the characteristic distance considered
for the repulsive barrier illustrated in Fig. 44, the center of
the MeOH molecule is separated from the F atom by another
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1 to 2 A. This suggests that HHG in liquids can potentially
be sensitive to the local spatial and temporal structure of the
solvation environment, perhaps even extending to identifying the
most likely ionization and recombination sites; see also ref. 11.

We next illustrate the electron-scattering-based suppression
discussed above with a simple 1D solution of the TDSE that
incorporates a scattering barrier located a few A from the ion
core. We calculate the HHG spectrum using a model that treats
a liquid-phase MeOH molecule by a soft Coulomb potential.
The potential is altered in two ways: i) the softening parameter is
adjusted to match the ionization potential of liquid-phase MeOH
(9.8 €V), and ii) we incorporate the overall effect of the reduced
mean free path of the liquid environment through an absorbing
boundary beginning around 8 A from the core. This placement of
the absorbing boundary lowers the cutoff energy to below 20 eV,
consistent with the experimental observation, and also generally
consistent with the findings of Mondal et al., that the effective
maximum excursion distance in the liquid is much lower than in
the gas phase (5). To introduce a local scattering structure near
the molecule, we add a small repulsive potential barrier to the
soft Coulomb potential, centered at distance xg from the core,
and with a height and full width at half maximum (FWHM) of
3.6eVand 1.1 A, respectively. For more details about the TDSE
calculations and the barrier size and shape, see Merhods.

The Inser of Fig. 4B displays HHG spectra driven by 1,800 nm,

20 TW/cm? pulses for two different locations of the repulsive
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Fig. 4. (A) Semiclassical prediction for the emitted photon energy versus maximum excursion distance, for 1,920 nm light with two different intensities. The
blue shading represents the position of a local scattering structure. The dashed black lines mark the coincidence of the H17 and H19 turning point with the
barrier. (B) 2D plot of harmonic yield (calculated from the TDSE) versus position of the local barrier, normalized to the yield in the absence of the barrier, for a
20 TW/cm?, 1,800 nm laser pulse. Yields have been calculated from a single cycle of the field to smooth out individual harmonic peaks. The Inset shows individual
spectra for two different positions of the barrier, xg = 4.65 A (blue) and 5.50 A (red).

barrier. The spectra are vertically offset for clarity. The dipole
spectrum is calculated using a trapezoidal flat-top laser pulse
and shows a sharp suppression of individual harmonic orders
that shifts to higher photon energy as the barrier distance from
the core is increased. This supports our interpretation based on
the rescattering model discussed above: that a spatially localized
structure near a molecule can lead to suppression of a single
harmonic, consistent with the experimental observation in the
PhF-MeOH solution spectra.

The suppression is illustrated more systematically in Fig. 4B,
which shows a 2D map of the harmonic spectrum versus the
barrier location, normalized by the spectral yield in the absence
of the barrier. Here, we have calculated the spectral yield from
a single burst of harmonic radiation in order to show the
smooth variation of the minimum yield. The blue regions in
the map signify a sharp suppression of harmonics caused by the
barrier, and show that the suppression shifts to higher energy
and slowly broadens as the barrier moves outward, in agreement
with the spectra shown in the /nser. In addition, we note that
the barrier suppresses the harmonic yield over a broad range of
harmonics, also in agreement with experimental observations in
the PhF-MeOH case. A time-frequency analysis of the dipole
radiation shows that the overall suppression happens because the
barrier reduces the return probability for all the short-trajectory
electrons, without otherwise altering their behavior significantly.
In addition, scattering on the barrier facilitates a weaker family
of trajectories that return almost a half cycle later and cause sharp
destructive interference for a narrow range of return energies. For
more details, see ST Appendix, Fig. S7. While the extra repulsive
potential has some similarity to that supporting a shape resonance
in terms of its location (24), it is much weaker and functions
predominantly as a scattering barrier rather than supporting
additional bound states in the continuum.

It is clear that a 1D single-active-electron model cannot
capture the complex many-electron dynamics involved in a
solvated system interacting with a strong laser pulse. However,
in combination with the MD simulation results it nevertheless
supports our hypothesis that a local structure is formed in the
PhF-MeOH solution, which leads to additional scattering and
which is absent in the other solutions. In principle, such a
structure could either be inherent to the solvation environment

PNAS 2025 Vol. 122 No. 48 e2514825122

itself, or it might form in the presence of the strong field. It is also
possible that the strong laser field enhances or otherwise interacts
with the local order along its polarization direction or that it
induces a dynamical structure, which may modify the inherent
liquid structure of the PhAF-MeOH solution. Interestingly, MD
simulations for a 14% solution of PhF in 85% MeOH do not
show any significant change in the position of the PhF.. HOCH3
hydrogen bond relative to the 9% solution (S Appendix, Fig. S8).
This is not unexpected, but it implies that the structure of the
two liquids differs in subtle ways that are difficult to capture
in the RDF. It also again emphasizes the exquisite sensitivity of
high-harmonic spectroscopy enabled by the coherent nature of
the generation process.

Experimentally, we have also observed the disruptive behavior
of difluorinated compounds CH4F, at 9% molar concentration
in MeOH, which similarly results in overall suppression of the
harmonic yield compared to both pure methanol and pure
CoHyF, (SI Appendix, Fig. S5). In these solutions, we do not

r(4)

Fig. 5. Site-site (halogen to hydroxyl hydrogen) RDF for a 9% (by mole) PhX
solution in 91% MeOH, with X = F, Cl, Br, or I. The small peak near 2 A for
PhF-MeOH is indicative of a CH30H. - - FCgHg hydrogen bond, as suggested
by the Inset figure.

https://doi.org/10.1073/pnas.2514825122
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observe suppression of individual harmonic yields nor do we
see evidence of a new solvation structure around the fluorine
atoms in MD simulations for C¢H4F, in MeOH. Finally, we
note that Chandra and collaborators (25) observed an influence
of hydrogen bonding on the yield of HHG radiation in joint
experiment-theory work, in the mixture of two gases that
are likely to form hydrogen bonds. They suggested that the
delocalized electron density associated with the hydrogen bond
may enhance the harmonic yield, similar to that observed from
the aromatic versus nonaromatic molecules (16).

Conclusions

We have explored HHG from binary solutions of benzene
derivatives in MeOH. We observed unique features in the HHG
spectrum from the solution of fluorinated derivatives, which we
attribute to solute—solvent interactions in the formation of the
liquid and/or in its interaction with the strong laser field. In
particular, we interpret the robust, near-complete suppression of
a single harmonic in terms of a local solvation structure that is
formed in the PhF-MeOH mixture and acts as a scattering barrier
for near-zero kinetic energy electrons during the HHG process.
We hypothesize that hydrogen bonding of PhF to MeOH,
unique among halobenzene derivatives, may perturb the MeOH
solvation shell and provide the scattering barrier leading to the
observed harmonic suppression. These results demonstrate that
solution-phase HHG can be sensitive to features of the solute—
solvent interaction, and thus to the local liquid environment.
They serve to increase our understanding of attosecond dynamics
in chemically and biologically relevant liquid-phase systems. It is
worth noting that the rescattering electrons involved in the HHG
processes have low energy (a few eV or less). Collision and scatter-
ing processes of low energy electrons in liquid environments can
play important roles in radiation damage in organic tissue in the
form of solvated electrons (26) and DNA strand breaks (27-29).

Methods

Experimental Setup. Most experiments used 1,200 to 2,400 nm pulses with
70fs duration generated in a commercial optical parametric amplifier (OPA) HE-
TOPAS Prime (Light Conversion) pumped with aTi:Sapphire laser system (Spitfire
Ace by Spectra Physics). The infrared pulses are focused with a 30 cm focal length
AR coated lens onto an ultrathin liquid sheet in a vacuum environment. The
emitted harmonic light is collected by a VUV spectrometer. An overview of the
experimental apparatus is depicted in S/ Appendix, Fig. S1.

Specifically, the liquid sheet is formed using a gas-accelerated microfluidic
nozzle (MicronitTechnologies)(30). This method produces ultrathin liquid sheets
with a thickness of <100 nm. The liquid samples were pumped with a high-
performance liquid chromatography pump (Shimadzu LC-20AD) and circulated
into the vacuum chamber through PEEK tubing. The velocity of the liquid exiting
the nozzle is typically around 4 to 5 m/s. Consequently, every laser shot (with
a spot size around 70 pum and 1 kHz repetition rate) interacts with a newly
replenished sample. The sheet is characterized by thickness and position. The
sheet thickness is measured in situ using an interferometric approach (precision
=+16 nm) that incorporates an 800 nm cw-laser diode and binary 0-z phase
grating. Positioning is continuously monitored using a high spatial resolution
optical imaging system.

The harmonic detection system uses an easyLight VUV spectrometer (HP
Spectroscopy) designed to measure the spectral range of 30 to 250 nm (5 to
40 eV). The dispersed harmonic light was collected on a microchannel plate
chevron with a phosphor screen and subsequently imaged on a CMOS camera.
The intensity at the laser focus was calculated geometrically from the measured
spot size and power calibration before each experiment and verified with the
harmonic cutoff energy from gas harmonics.
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HHG Model Calculations. We illustrate the effect of a local solvation structure
in the liquid environment by solving a 1D TDSE incorporating a small scattering
barrier. The liquid environment is simulated by first adjusting the softening
parameter of the soft-core Coulomb potential to obtain the ionization potential
of liquid MeOH (9.8 eV). Second, we incorporate the overall effect of the reduced
mean free path of the liquid environment through an absorbing boundary that
starts at 8 A from the core and slowly suppresses the wavefunction over 32 A
to avoid artificial reflections from the boundary. Finally, the effect of a local
scattering structure near the emitter is modeled by adding a small repulsive
component to the potential. The repulsive potential is a Gaussian (everything is
in atomic units), given by

_ expl(x —x0)*/207]
N2z

where X represents the central position of the potential with respect to the
soft-core Coulomb center, N controls the height (strength) of the barrier and &
denotes its width. The HHG spectra and 2D color map in Fig. 4B are plotted
for a barrier whose height and FWHM are 3.6 eV and 1.12 A (N = 3.0 and
6 = 0.9 a.u.). The impact of this repulsive potential barrier on the HHG process
is analyzed by varying the parameters N, o, and xg, allowing us to study how
changes in the height, width, and central position of the barrier influence the
HHG calculation. To analyze the cumulative effect of neighboring atoms at
various distances, we consider the coherent contributions of five consecutive
barriers. These multiple contributions also serve as an averaging or smoothing
function: Each single barrier generally suppresses a specific harmonic, though
the degree of suppression is more sensitive to differences in laser and potential
parameters.

For specific parameters of the repulsive barrier, we observe that suppression
of a particular harmonic in the HHG spectra can occur. By fixing the central
position of the barrier and varying the height and width across a wide range,
we observed that this suppression is strongly correlated with the position of the
barrier and is much less sensitive to its height and width. This is illustrated in
Sl Appendix, Fig. S6. Suppression of the specific harmonic does not depend on
the exact placement and shape of the absorbing boundary potential.

V(x)

MD Simulations. Classical MD simulations were performed in the canonical
(NVT) ensemble using the Tinker-HP program (19) and the OPLS-AA force field
(20). A 9% solution of PhX (by mole) in MeOH, at normal liquid density (p =
0.8341 glcm3), was equilibrated for 3 ns at a target temperature T = 298K, in
a cubic simulation cell with L = 34.557 A under periodic boundary conditions.
A Berendsen thermostat with = = 0.1 ps was used to regulate the temperature.
Snapshots were collected at every 0.5 ps of a subsequent 7 ns production run.
A similar procedure was followed for a 14% solution, using L = 35.898 A to
achieve the same density. A comparison between the 9% and the 14% solution
of PhXin MeOH is shown in S/ Appendix, Fig. S8.

Data, Materials, and Software Availability. Code data have been deposited
in GitHub (https://github.com/girisucharita/1D_tdse_model.git). All other data
are included in the manuscript and/or S/ Appendix. Processed data, codes, and
scripts are available in a public repository (31).
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