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ABSTRACT: The high-harmonic generation (HHG) is of great
significance for attosecond science, ultrafast detection, and control
of quantum processes. Compared with gases and solids currently
under extensive investigations, HHG from liquids is rarely studied,
but it enables unique electron scattering processes different from
those in gases and solids owing to the dense configuration without
long-range order in liquids. Here using state-of-the-art ab initio
quantum dynamics simulations, we investigated HHG in liquid
water across a wide range of laser intensities. We identified the
transition from isolated molecule behavior to condensed-phase
dynamics and revealed the suppression of HHG due to ultrafast
water plasma generation. This transition results in a scaling behavior
of E,'® for cutoff energy E. with respect to field strength E, of
driving pulses before severe water dissociation. Further increasing field strength E, leads to ultrafast water dissociation and plasma
generation, and in turn the enhanced decoherence and decrease of E.. Via frequency filtering, the individual attosecond pulses can be
obtained from liquid water. More importantly, photoinduced plasma generation and insulator-to-metal transition can be directly
tracked via time-resolved HHG with femtosecond resolution. Our work offers novel insights into liquid-based HHG and reveals the
femtosecond-resolved nonequilibrium dynamics of photoexcited liquid water, which can be experimentally probed by time-resolved
HHG.

he high-harmonic generation (HHG) has been extensively technology,'>'” where the obtained E_ of liquid water is 14.2 eV

studied in gaseous and solid systems owing to the great independent of wavelengths of driving pulses beyond an
significances in attosecond science, ultrafast detection and intensity threshold."” Theoretically, the model calculation of
coherent light sources.' ™ The semiclassical three-step model HHG of liquids lacks the realistic atomistic details and accurate
(TSM) describing HHG in terms of electron trajectories electronic structures,” and direct first-principles simulations of
accounts well for HHG in gaseous systems,6 where the electron liquid water suffer from the huge computational costs.' 1 A
encounters the processes including tunnel ionization, accel- detailed study of the intensity scaling of HHG is still lacking for
eration and recombination with parent ions. The HHG of solids liquid water. More importantly, the extreme nonlinearities
is attributed to the photoinduced intraband and interband essentially enable the high sensitivity of HHG to the changes of

currents, as a consequence of the formation of periodic lattice 2-24
and electronic band structure.”'" The HHG spectra of solids
exhibit unique characteristics, e.g., linear scaling of the cutoff
energy E. with the driving field strength,'" anisotropic HHG

generation,'” ellipticity dependence,”'® noninteger high-

band structure and structural deformation,” which are
usually neglected in previous studies of liquid HHG."”

In this work, we study the HHG spectrum and ultrafast
dynamics of liquid water following photoexcitation employing
) Nann i ) ab initio real-time time-dependent density functional theory (rt-
harmonic genteratlo.n, . etc. As the 1nt.er.med1ate states betvxfeen TDDFT) simulations. The rt-TDDFT naturally includes the
gases and solids, liquid systems eshibit dense configurations photoinduced electronic excitations and the electron—electron

without long-range orders, delicate intermolecular interactions, . L .
> > o ] ) and electron—ion scattering in dense amorphous configurations
and fluctuations in coordination, which could enable unique

nonlinear electron dynamics under laser irradiation.

However, the exploration of HHG in liquids is scarce due to
the experimental difficulties of distinguishing the contribution of
bulk liquid and surrounding gaseous molecules.” Early
experimental studies usually focused on the HHG from

. 16-18 .
exploding water droplets. Recent experiments measured
the HHG spectra of pure liquid water via the liquid flat microjet
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Figure 1. Photoinduced ultrafast nonequilibrium dynamics and HHG of liquid water. (A) The schematic of HHG in liquid water. (B) The electronic
excitation as a function of E,, of 800 nm laser pulses. The shaded areas indicate the standard error for each E,. The envelope of the laser is also shown.
(C) The electronic current as a function of E, of 800 nm laser pulses. (D) The simulated HHG spectrum for E, = 1.6 V/A. The cutoff energy E, is
obtained with the intersection between the line of averaged harmonics in the plateau region and the linear fit in the exponential decayed cutoff region.

The dotted line indicates the calculated bandgap of liquid water.

and can predict the nonlinear electronic/nuclear dynamics and
high harmonic emissions of liquid water (Figure 1A). The HHG
spectra of liquid water are shown to have E_ values reaching the
extreme ultraviolet (XUV) regime. The transition from isolated
molecular behavior to condensed-phase dynamics is revealed, in
good agreement with semiclassical analysis. This transition
results in a scaling relationship of E,"® for E. with respect to the
electric field strength E, of driving lasers before severe water
dissociations take place. The time-resolved analysis of HHG can
directly track the photoinduced water plasma generation and
insulator-to-metal transition (IMT) with a femtosecond
resolution. Plasma generation and IMT decrease both E. and
intensity of high-order harmonics and simultaneously enhance
the decoherence of HHG in both frequency and time domain.
The individual attosecond pulse can be obtained via frequency
filtering from liquid water without severe water dissociation.
The rt-TDDFT simulations were performed with the
TDAP**?® code as implemented in Quantum Espresso.”” We
employed the optimized norm-conserving Vanderbilt (ONCV)
pseudopotentials”® and the optB88-vdW van der Waals density
functional.”> The energy cutoff of 85 Ry was used in all
simulations. The liquid water was represented with a periodic
32-water-molecule cubic cell with a density of 1 g/cm®. The time
step for nuclei motion is 0.0S fs, and the time step for electron
evolution is 0.1 as. The simulation setups were similar to those
used in our previous study.”’ The liquid water was first
equilibrated for 50 ps in the constant-volume and constant-
temperature (NVT) ensemble, and 30 representative config-
urations were extracted every 1 ps from the last 30 ps simulation.
The obtained configurations were then excited with the laser
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pulses of E(t) = E, cos(wt) exp[—(t — t;)?/26%]. The laser
wavelength 4 = 800 nm was used with the pulse width 6 =S fs
centered at t, = 24 fs. The photon energy of 1.55 eV is less than
both the calculated and experimental band gaps of liquid
water.”’ The electric field strength E, ranges from 0.8 to 2.8 V/A.
The detailed simulation methods can be found in the Methods
section.

Upon photoexcitation, the valence electrons of liquid water
are promoted to the conduction band. Figure 1B shows the
temporal evolution of photoinduced electronic excitation of
liquid water, which is averaged on 30 trajectories for each E,,.
The maximum density of electronic excitation is ~0.2 e/f.u. for
E,=1.6 V/A and reaches ~1 e/f.u. for By = 2.4 V/A (Figure S1).
As shown in Figure 1C, the oscillating laser field drives the
electric currents periodically in liquid water. Here the time-
dependent electronic current is calculated as

jt) = Zlkzii/dr[y/l:(r, t)Vl//lk(r, t) + c.c.]. The currents per-
pendicular to electric field direction are negligible owing to the
isotropy of liquid water and the statistical averages of 30
trajectories for each E, (Figure S2). The origin of electronic
currents can be attributed to the intraband and interband
contributions, owing to the dense configurations of liquid
systems like those in crystalline materials.

The HHG spectrum of liquid water is obtained via the Fourier
transform of the derivative of electronic current along electric

2
field direction as HHG(w) = ‘/a%j(t) exp(—iwt)dt| . Figure
1D shows the HHG spectrum with a laser irradiation of E; = 1.6
V/A. Obvious odd harmonics are obtained, reflecting the
inversion symmetry of amorphous liquid systems. The intensity
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Figure 2. HHG spectrum of liquid water and water plasma. (A) The HHG spectra as a function of E, of driving pulses. The HHG spectra are shifted
with plateau regions to zero for all E. E. is also shown in the figure. (B) E, as a function of E, of 800 nm laser pulses. The two fitted lines are also shown.
(C) The temporal evolutions of electronic density of states of water with Ey = 2.4 V/A. (D) The temporal evolutions of the distances between oxygen
and hydrogen atoms in initial water molecules. The shaded areas indicate the standard errors.

of the 15th harmonic (of the 800 nm fundamental wavelength)
is greater than the noise signals perpendicular to the electric field
direction (Figure S3A). Thus, the effective harmonic extends
beyond 20 eV, consistent with experimental measurements.'
The cutoft energy E_ is defined as the intersection between the
fitted line of averaged harmonics in the plateau region and the
linear fit in the exponential decayed cutoff region. The obtained
E. of ~13.7 €V is in the XUV regime, and it is close to the
experimental measurements of 14.2 eV for liquid water.'” The
entrance energy E,., of the plateau region is slightly greater
than the calculated bandgap of ~4.1 eV of liquid water.

Figure 2A and Figure S4 exhibit the shifted and original HHG
spectra as a function of E, of 800 nm laser pulses, respectively.
The magnitude of harmonics basically increases with the E; of
driving pulses (Figure S4), while the peaks of high-order
harmonics are gradually blurred and incoherent for E, > 2.4 V/A
(Figure 2A). The individual HHG spectrum for each E, is shown
in Figure S5, and E. can be extracted from the intersection of
fitting lines. E_ is beyond 10 eV for all E; values and lies in the
XUV regime. Besides, E, increases with E, for E, < 2.4 V/A and
then decreases as shown in Figure 2B. The maximum of E_ is
~20 eV for Ey=2.4V/A. The fitted E,,, is ~5 eV for E, < 1.6 eV
and increases up to ~11 eV for E; = 2.8 eV (Figure S4).

A detailed analysis reveals a linear relationship between E_and
E, within the regime of 1.2 V/A < E, < 2.0 V/A, consistent with
the extended semiclassical analysis."” The deviation observed at
E, = 0.8 V/A reflects the nature of HHG of isolated molecules
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under weak laser irradiations.’ Consequently, E, is proportional
to Ey"® for laser pulses with E, < 2.0 V/A. The experimental
measurements of ellipticity dependence also demonstrate the
similarity of HHG spectra between gas molecules and liquids as
well,"> while the ellipticity dependence of HHG is complex in
solids due to anisotropic electronic structures.”'”> We note that
the expansion of liquid leads to the higher efficiency of high
harmonic emissions and the increase of E,,'®'? and here the
effects of density variations are excluded in constant-volume
simulations.

E. decreases with E, for laser pulses with E, > 2.4 V/A,
reflecting the photoinduced variations of electronic structure. A
previous study demonstrates that metallic water plasma can be
generated for laser irradiation with E; > 2.2 V/AY Figure 2C
illustrates the temporal evolution of the electronic density of
states during laser irradiation with E, = 2.4 V/A, and the
transition from an insulator to a metal is observed. The distances
between oxygen and hydrogen atoms of original molecules
suddenly increase upon photoexcitation, as shown in Figure 2D,
corresponding to the severe water dissociation (Figure S6).
Here, IMT leads to the suppression of high-order harmonics and
the decrease of E. owing to the essentially linear response and
screening effects of free electrons in metallic systems.””**** The
decrease of E_ is demonstrated for photoexcited water droplets
under intense laser irradiations.'” Experimental study also
demonstrates that E_ of water plasma still lies in this region even
under the coherent wake emission (CWE) mechanism.****
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Figure 3 presents the intensity of individual harmonics relative
to E, of laser pulses on a double logarithmic scale. The 3rd
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Figure 3. Dependence of the intensity of an individual harmonic on E,
of laser pulses on a double logarithmic scale. The dotted fitted line
shows the perturbative behavior of the 3rd harmonic (of the 800 nm
fundamental wavelength). Higher orders are all in the nonperturbative
regions. The thick gray line indicates the transition to water plasma
emission, and the scaling deviates from the extrapolation at lower
intensity.

harmonic (of the 800 nm fundamental wavelength) exhibits a
power dependence of ~5.9 with E; in the perturbative region.

Higher harmonics all fall in the nonperturbative region,
displaying similar power dependencies for E, < 2.0 V/A. For
Ey > 2.4 V/A, the metallic plasma generation leads to the
deviation from the extrapolation of lower laser intensity.
Especially, the power of the 3rd harmonic increases to ~8.9,
indicating the appearance of multiple processes involving both
plasma generation and HHG emission. The intensities of the
7th, 11th and 13th harmonics decrease during generation of
photoinduced water plasma, and the decreases may be attributed
to enhanced electron—ion scatterings and screening effects
originating from IMT.*>** The peaks of these harmonics are all
blurred in the HHG spectra of water plasma for E, > 2.4 V/A
(Figure 2A and Figure SS). Moreover, the high harmonics
emitted perpendicular to the laser direction are nearly
comparable to those along the laser direction, reflecting the
random and incoherent laser emission of water plasma (Figure
S3B).

To directly illustrate the HHG emission, we performed the
time-resolved analysis of the HHG spectrum via wavelet
transform with a complex Morlet wavelet. Figure S7A and
Figure 4A show the time-resolved HHG spectra with laser
intensity of 0.8 and 1.2 V/A, respectively. The femtosecond
resolution of HHG spectra is achieved. The emergence of a
frequency chip demonstrates the crucial contribution of
interband currents to high harmonic emissions,* resembling
the recombination emissions in gaseous molecules.’ It
demonstrates the finite movements of tunneling electrons and
the independence of individual water molecules, which accounts
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Figure 4. Time-resolved analysis of the HHG spectrum and the emission of attosecond pulse trains. The time-resolved HHG spectra with E, of 1.2 V/
A (A) and 2.4 V/A (B). The red and blue lines indicate the electric field E, and vector potential A, of laser pulses, respectively. The arcs illustrate the
frequency chirp contributed by interband currents. The dotted line shows the emission of harmonics by the coupled interband and intraband currents.
The emission of attosecond pulse trains for E, of 2.0 V/A (C) and 2.4 V/A (D). The frequency beyond 20 €V is filtered to generate the attosecond

pulse trains.
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for the similarities between the HHG of liquid water and those of
gaseous molecules under weak laser irradiations. From a
semiclassical perspective, all ejected electrons are expected to
contribute to the HHG spectrum in the weak laser intensity
regime. A similar phenomenon is also demonstrated in HHG of
two-dimensional materials with laser polarization directions
perpendicular to the material plane.”’

The increase of laser intensity leads to stronger electronic
excitations and longer movements of the photocarrier, and
meanwhile, the contributions of intraband currents are also
enhanced. Figure S7B,C exhibits the time-resolved HHG
spectra of E = 1.6 and 2.0 V/A, respectively. One can see that
the emission of high harmonics takes place every half laser cycle
and at the times between the maximum of electric field and that
of vector potential. The coupled interband and intraband
currents contribute to the emissions of high harmonics, which is
similar to the complex interplay of intraband and interband
currents to HHG in bulk solids.”***~*° Semiclassical analysis
shows that the short electron trajectories alone account for the
dependence of E. in this intensity regime.'” Since all electron
trajectories are included in rt-TDDFT simulations, these results
demonstrate that the inclusion of long electron trajectories does
not affect E..

The intense laser-induced water plasma generation and IMT
can be directly monitored with time-resolved HHG owing to the
femtosecond resolution. Figure 4B and Figure S7D show the
time-resolved HHG spectra of E, = 2.4 and 2.8 V/A,
respectively. For E, = 2.4 V/A, the time-resolved harmonic
emissions from t = 18 fs to ¢ = 23 fs resemble those of E, = 1.6
and 2.0 V/A, reflecting the similar insulating electronic states
(Figure 2C). A depletion of HHG emissions is observed from t =
23 fsto t =25 fs, which coincides with the decrease of bandgap as
shown in Figure 2C. From ¢ = 25 fs to t = 29 fs, the emergence of
frequency chirp demonstrates the dominance of interband
currents for the water plasma. The enhancement of interband
currents is attributed to the large photocarrier densities (Figure
1B). The mechanism variations for HHG emissions result in the
decoherence of the HHG spectrum in Figure 2A. Nevertheless,
it also demonstrates that the time-resolved HHG spectrum can
be employed to monitor the optically driven femtosecond
electronic phase transitions.”>*>**

Based on the above analysis, a comprehensive description of
the intensity dependence of E. and HHG spectra can be
established. In the weak laser intensity regime, the electric field
induces only finite electron excursions, and all electron
trajectories contribute to the HHG spectra as described by the
conventional TSM.® As the laser intensity increases, electron
scattering takes place and multiple current contributions
account for the HHG emissions. A linear relationship between
E_and E,, is obtained, with short electron trajectories dominatin%
the HHG spectra as shown in extended semiclassical analysis."
Under intense laser irradiations, the water plasma generation
and IMT take place in liquid water.”” The resulting metallization
leads to enhanced decoherence and a decrease of E_ owing to the
linear response and screening effects of free electrons. It should
be noted that the weak linear scaling between E_ and E, in
extended semiclassical analysis assumes an exclusive contribu-
tion from short electron trajectories.'” In practice, both short
and long electron trajectories contribute to HHG spectra under
weak laser intensities.

Owing to E_ being over 10 eV, the HHG from liquid water is
capable of generating the attosecond pulses in the XUV regime.
The attosecond pulse trains can be directly simulated using
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inverse Fourier transform with frequency filtering. Here, the
frequency beyond 20 eV is filtered to generate the pulse trains,
mimicking the filtering processes of aluminum membranes. The
predicted attosecond pulse train with the HHG spectrum of Ej =
2.0 V/A is shown in Figure 4C. The coherent attosecond pulses
in the XUV region are emitted every halflaser cycle. The emitted
pulses have an average duration of ~250 as with its peak
intensity located between the maximum of electric field and that
of vector potential, consistent with the time-resolved HHG
spectrum in Figure S7C. On the contrary, the generation of
attosecond pulses with E, = 2.4 V/A is complex due to the
multiple processes of plasma generation (Figure 4D). The initial
attosecond pulses are roughly isolated, and even the ultrashort
duration of ~60 as is achieved in the second pulse. The
intensities of middle pulses gradually decrease, and the later
pulses are not well separated. These characteristics of attosecond
pulses are well consistent with the time-resolved HHG
spectrum. Therefore, the plasma generation lowers the efficiency
of attosecond pulse generation, and the ultrashort attosecond
pulse can only be generated in liquid water without severe water
dissociation.

In conclusion, we have studied the HHG spectrum and the
ultrafast dynamics of photoexcited liquid water. The oscillating
laser fields drive the electronic currents periodically, and the
obtained HHG spectra of liquid water have E_ in the XUV
regime. Due to the transition from isolated molecule behavior to
condensed-phase dynamics, E. is found to be proportional to
E,"® for liquid water before severe water dissociation. The time-
resolved analysis reveals that the coupled intraband and
interband currents contribute the harmonics in the non-
perturbative region of liquid water. Besides, the plasma
generation and IMT can be directly monitored with time-
resolved HHG with femtosecond resolution. The water plasma
generation decreases both E. and the intensity of high-order
harmonics. Besides, the water plasma generation enhances the
decoherence of the HHG spectrum in both frequency and time
domains, and the ultrashort attosecond pulse can only be
generated in liquid water without severe water dissociation.

B METHODS

The photoinduced nonequilibrium dynamics of liquid water
were simulated via the rt-TDDFT algorithm TDAP**° as
implemented in Quantum Espresso.”” We used the optimized
norm-conserving Vanderbilt (ONCV) pseudopotentials”® and
the van der Waals density functional with the optB88-vdW
method.” The energy cutoff was set to 85 Ry in all of the
simulations. The liquid water was simulated with a periodic 32-
water-molecule cubic cell, and the density is 1 g/cm®. Despite
that a denser k-point mesh describes well the delocalized
conduction states, a 2 X 2 X 2 k-point mesh is used to sample the
Brillouin zone and is shown to give the reasonable HHG spectra
(Figure S8A). The convergence tests with a 64-water-molecule
model also demonstrate the reliability of this model (Figure S9).
The calculated band gap of liquid water is ~4.1 eV, consistent
with the GGA results of 4.36 eV.”" It is worth noting that
underestimation of bandgap may lead to a systematic under-
estimation of E..'” Additional 52 unoccupied electronic states
were considered in the nonadiabatic simulations. The time step
of nuclear movement is 0.05 fs, and the time step of electron
evolutions is 0.1 as. A total 50 fs of simulation was performed for
each trajectory. The similar setups were shown to describe well
the ultrafast dynamics of liquid water.*
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Ab initio molecular dynamics simulations were performed to
equilibrate the properties of liquid water using Quantum
Espresso.”” The equilibrium simulation with a time step of 1
ts was performed for 50 ps at 300 K in the NVT ensemble, and
the Berendsen thermostat is used with the time parameter of 200
fs. The representative configurations were extracted every 1 ps
from the last 30 ps of simulation, and 30 configurations of liquid
water were obtained. The long-time ground-state simulations
are necessary to sample the phase space and to describe well
coordination fluctuations of liquid water (Figure S8B). The
obtained configuration was then irradiated with laser pulses of
E(t) = Ey cos(wt) exp[—(t — t,)*/26”]. We chose the laser pulses
with wavelength A = 800 nm and the width o = S fs centered at £,
= 24 fs. The photon energy of 1.55 eV is less than both the
calculated and experimental band gaps of liquid water;" thus the
photoexcitation mechanisms are unchanged. The electric field
E, ranges from 0.8 to 2.8 V/A. The velocity gauge is used to
enable periodic electric fields in simulations. Total 240 rt-
TDDFT trajectories were simulated to systematically study the
intensity scaling of HHG and ultrafast dynamics of photoexcited
liquid water. More accurate setups were used to study the
wavelength-dependent HHG spectrum and predict well the
wavelength-independence of E, in liquid systems.'” Given that
phase transitions induce significant changes in atomistic
configurations and electronic structures and that a wide range
of laser intensities is considered in our calculations, the
simplified model used here can still provide a reasonable
description of HHG in liquid water owing to the obvious
changes of HHG (Figure $4).

The HHG spectrum was obtained with Fourier transform of
the derivative of time-dependent electronic current j(t) as

HHG(w) = ] J2j(t) exp(—ioot)dt

rent along the electric field direction is used. The time-
dependent electronic current is calculated as

j(t) = Zlkzii/dr[l//l;f(r, t)Vl//lk(r, t) + cc]. The time-re-

solved HHG spectrum was retracted via the continuous wavelet
transform (CWT) as

0., 1 \gkft —t ’
SO (5 )i
Morlet wavelet is used as the mother wavelet W. The frequency
filtering is employed to obtain the attosecond pulse trains,

E(t) = /”ooexp(ia)t)dw /%j(t/) exp(—iwt')dt, and w, is

chosen as 20 eV to approximately simulate the filtering process
of the aluminum membrane in experiments.

2
, and only electronic cur-

2
HHG(w, t) = , and the complex
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