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Many important ultrafast phenomena take place in the liquid phase. However, there is no practical
theory to predict how liquids respond to intense light. Here, we propose an ab initio accurate method
to study the non-perturbative interaction of intense pulses with a liquid target to investigate its high-
harmonic emission. We consider the case of liquid water, but the method can be applied to any
other liquid or amorphous system. The liquid water structure is reproduced using Car-Parrinello
molecular dynamics simulations in a periodic supercell. Then, we employ real-time time-dependent
density functional theory to evaluate the light-liquid interaction. We outline the practical numerical
conditions to obtain a converged response. Also, we discuss the impact of nuclei ultrafast dynamics
on the non-linear response of system. In addition, by considering two different ordered structures
of ice, we show how harmonic emission responds to the loss of long-range order in liquid water.

PACS numbers:

I. INTRODUCTION

High-harmonic generation (HHG) occurs as a result of
the interaction between an intense infrared laser pulse
with a target matter where light at integer multiples of
the incident pulse frequency is emitted [1]. HHG is a
source of coherent table-top extreme-ultraviolet (XUV)
radiation with direct applications for attosecond tech-
nology and exploring electron ultrafast dynamics in ma-
terials [2, 3]. HHG was discovered in 1977 [4]; it has
been extensively studied in atomic and gaseous systems
as well as crystals and condensed matters [5]. Due to the
higher density of solids and their lattice periodicity, solids
are potential materials to emit intense high harmonics;
for instance, monoatomic crystals show a brighter HHG
spectrum in comparison with their gas phases under the
same incident pulse [6]. However, the pulse intensity in
solids is limited to the target damage threshold. Since liq-
uids are condensed systems that, like gases, can tolerate
much higher intensities, they could be advantageous as
novel sources of attosecond pulses and XUV. Moreover,
liquids are attractive systems as they are the platform of
most chemical and bio-chemical reactions [7].

In gases, HHG arises from an ensemble of independent
isolated emitters, and the HHG process is well explained
by the semi-classical three-step model [8, 9]. On the con-
trary, in periodic solids HHG reflects the crystalline sym-
metries and is well described by the contribution of inter-
band and intraband dynamics [5, 10–12], which are based
on the lattice periodicity. Beside these systems, there
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are several experimental and theoretical studies on HHG
from the non-periodic systems like amorphous [13, 14]
and defected solids [15–19]. We therefore expect, based
on these different works, that liquids are behaving differ-
ently from gases and solids, and it is one of the goal of
the present work to understand how liquids are different
from other condensed-matter phases.

Following more than a decade of progress [20–22, 24–
26], HHG measurements on the bulk of water and several
alcohols revealed the different response of liquids to in-
tense pulses [27]. This experiment displayed the strong
effect of molecular electronic structure on HHG; more-
over, using one-dimensional semiconductor Bloch equa-
tions, this work shows the impact of system bandgap
and bandwidth on HHG. Another work, based on a one-
dimensional model, attempted to clarify some ambigui-
ties in the liquid response to strong laser fields [28]. How-
ever, HHG in liquids remains a challenging field of re-
search which is not well-understood, and several crucial
questions remains to be answered before a clear picture
could be drawn about dynamics at place when intense
lasers irradiate liquids and the resulting harmonic emis-
sion. In order to bridge this gap, we will here introduce
an approach to evaluate nonlinear light-liquid interac-
tions on the basis of ab initio methods and we use it to
address some of these important questions. In addition
to this work, in another study [29] we proposed a faster
computational method based on a cluster approach to
compare the HHG response of different polar and nonpo-
lar liquids, to have a better understanding of electronic
structure of liquid on HHG response. The cluster ap-
proach has no periodicity and therefore requires only one
K-point, which speeds up the calculations by 2-3 orders
of magnitude; however, surface contributions must be
suppressed in this approach, and it is also much more
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FIG. 1: A typical considered structure of liquid water.
It contains 64 water molecules in a cubic cell with a length of
12.43 Å.

difficult to study molecular and ionic dynamics with it.
Despite the inclusion of some simplifications, the cluster
method also provides good predictions for the HHG re-
sponse of liquid systems; Supplementary Fig. S7 shows a
comparison between the results of these two methods.

II. RESULTS

In this work, we employ real-time time-dependent den-
sity functional theory (TDDFT) [30, 31] to calculate har-
monic emission from liquid water as a benchmark ex-
ample; however, the proposed method is applicable to
any other liquid and amorphous system. In this regard,
we first simulate the structural and dynamical behavior
of water [32–36] with Car-Parrinello molecular dynamics
(CPMD) [37, 38] in a periodic cubic supercell, as illus-
trated in Fig. 1, including 64 H2O molecules using the ex-
perimental liquid water density, see Supplementary Fig-
ure S1. After successfully reproducing the liquid water
configuration, the non-linear interaction of strong laser
fields with liquid water is determined using microscopic
TDDFT for several different configurations of liquid wa-
ter supercell, which are obtained from the CPMD to
mimic the experimental situation. The isotropic response
of the full system is recovered when a sufficient number
of configurations of liquid are used, as explained below.
Note that the coupling of CPMD and real-time TDDFT
operate on different timescales, where TDDFT describes
the response of the system on femtosecond timescales,
whereas CPMD manages to capture the thermodynam-
ics features of the liquid on picosecond timescales. More
details on the methodology, as well as on the simulation
parameters, are given in Sec. IV.
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FIG. 2: The calculated HHG spectrum along with
the incident pulse (x-axis) from liquid water. The gray
dashed lines show the odd harmonic frequencies. The blue
circle marks the cutoff energy. The solid red line indicates the
liquid water DFT energy gap (4.6 eV) averaged over several
subsystems. The brown dashed lines mark the plateau and
the decay area.

A. HHG from liquid water

Using the above-described method, we computed the
high-harmonic response of liquid water to a typical laser
pulse used in experiment [27] (a wavelength of 1.5 µm,
corresponding to a photon energy of 0.83 eV, and electric-
field strength in the bulk of approximately 1.2 V/Å ,cor-
responding to the intensity of a few 10 TW/cm2). The
pulse duration at full width at half-maximum (FWHM) is
equal to 18 fs with a sine-squared envelope shape for the
vector potential; the carrier-envelope phase of the pulse
vector potential is set to zero. Figure 2 presents our cal-
culated HHG spectrum for liquid water interacting with
the incident laser pulse. This spectrum is obtained by
averring over many CPMD configurations, as explained
below.

The HHG spectrum, shown in Fig. 2, exhibits odd
harmonics only, up to order fifteen. Importantly, we
obtain that the spectrum exhibits three clear regions.
The first region shows an exponential decay of the
harmonic yield up to harmonic order 9, and corresponds
to what is usually called perturbative harmonics in HHG
from gases. Then, unlike most solids, we obtain a clear
plateau with the cutoff energy of 12.4 eV. At the end of
the plateau, an exponential decay of the yield is again
observed. We note that above the harmonic order 15 the
presence of odd and even harmonics. This unphysical
even harmonics are a consequence of the finite number
of subsystems used in the averaging procedure, as
explained in Sec. II B.
We note that the spectrum displayed in Fig. 2 results
from averaging the HHG response over 85 different
subsystems (5440 water molecules), and therefore rep-
resent a formidable numerical challenge even for today
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FIG. 3: Toward the isotropic limit: Impact of increasing the number of subsystems on arising the isotropic
properties of liquid water. The calculated time dependent electron current per water molecule in the liquid water in the
direction along with the incident pulse (x-direction) as well as perpendicular directions averaged over (A) 64 molecules of
one subsystem, and (B) 640 molecules of ten subsystems. The bottom panel shows the corresponding total HHG spectrum
(HHGtot) as well as HHG with polarization aligned with the pulse polarization (HHGx); HHGtot = HHGx+HHGy+HHGz.
The gray dashed lines indicate the odd harmonic frequencies.

computing resources. As displayed in Supplementary
Fig. S2 in the Supplementary Materials, our spectrum
is appropriately converged for the energies below the
energy cutoff.

Compared to the experimental measurement of HHG
from liquid water reported in Ref. [27], our simulated
spectrum nicely reproduces different features, such as
absence of even harmonics, the cutoff energy, and the
appearance of the plateau. We also point out that we
have recently employed our numerical approach to un-
derstand the impact of incident pulse characteristics on
HHG from liquid water, and obtained that in agreement
with experiment, liquid HHG cutoff energy is indepen-
dent from the driving wavelength and it is weakly sen-
sitive to the pulse amplitude [39]. These behaviors are
different from the atomic and molecular gases where the
ponderomotive energy Up ∝ λ2E2 defines the scaling of
the cutoff energy with respect to the pulse amplitude and
wavelength. Also, it differs from solid systems where the
cutoff can scale linearly with the field amplitude [3, 5].
However, the independence of cutoff energy from pulse
wavelength has been reported for different solids [41, 42],

too. We also note that the presence of a clear plateau
is usually not observed in bulk solids, with the notable
exception of rare-gas solids, which even exhibit multiple
plateaus[6].
Overall, these observation points toward the fact that liq-
uids behave differently than both bulk solids and atomic
and molecular gases, even if they exhibit some specificity
that can resemble what is found in either the former or
the latter one.

B. Toward the isotropic limit

Because of the asymmetric shape of water molecules,
both odd and even harmonics can be generated along
and perpendicular to the incident pulse polarization
direction when one performs a simulation for a finite
number of molecules. However, since the full bulk
liquid is isotropic, all the emission perpendicular to the
incident pulse direction as well as even harmonics must
cancel out [59, 60]. With this respect, the liquids are
behaving as amorphous solids, which do not exhibit
even harmonics [13]. This fundamental property needs
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to be restored in the simulations, and is indeed obtained
by our calculations as the response builds up over a
sufficiently large number of liquid configurations (sub-
systems). Figure 3 shows the time evolution of a typical
electronic current per H2O molecule of liquid water and
the corresponding HHG spectra driven by an intense
linearly polarized along the x direction, using the same
laser parameters as given above. This figure compares
the results averaged over one subsystem (displayed in
3A) and ten subsystems (displayed in 3B). According
to Fig. 3A, the spectrum in the low energy region (cor-
responding to perturbative harmonics) cleanly presents
odd-only harmonics with polarization along with the
incident pulse, as expected for the response of an
isotropic material. However, as shown by the electronic
current, the two other components exhibit fast oscilla-
tions, indicating non-vanishing contributions from these
directions from high-order harmonics, whereas these
contributions are expected to be zero in the isotropic
limit. This gives us a simple measure of the convergence
of the HHG spectrum with respect to the number of
subsystems. When the total spectrum (summed over
all Cartesian directions) becomes the same as the one
along the laser direction, the spectrum is considered to
be converged. Clearly, above 6 eV, the HHG spectrum
for a single subsystem is not isotropic anymore. To
converge the higher harmonics more subsystems are
needed. Figure 3B, obtained by averaging over 10
subsystems, clearly shows that the expected isotropic
response is correctly improved with the addition of more
subsystems, as all transverse components of the current
are strongly reduced. Moreover, the even harmonics,
present in Fig. 3A starting from 8.5eV are now only
present above 13 eV. Importantly, we note that adding
more subsystems leads to a decrease of the harmonic
yield. This indicates the absence of coherence in between
the different subsystems, and is similar to the effect
observed when comparing crystalline and amorphous
solids [13].
The isotropicity of the HHG spectra in a particular
energy region is good indication that the results are
numerically converged. The required number of sub-
systems for convergence depends on the target system
and its molecular symmetries [29] as well as pulse
characteristics such as pulse wavelength and amplitude.
Nonetheless, we find that in order to converge the HHG
spectrum up to 15 eV, and hence above the energy
cutoff of liquid water for our driving conditions, we need
approximately 85 subsystems, corresponding to 5440
water molecules. The corresponding spectrum and the
comparison between the total HHG spectrum and the
one along the x direction only is shown in Supplementary
Fig. S2.

C. Environmental impacts on HHG: Ordering,
periodicity, and anisotropy

We now show how HHG spectral features respond to
the structural arrangement and breaking the long-range
order in water by comparing to HHG from ordered phases
of ice. We consider two well-known ordered phases of ice,
namely Ih and Ic, shown in Fig. 4. In order to compare
their emission with the liquid phase, we slightly compress
these structures (approximately, 2-3% in each direction)
to be in the same density as liquid water. Supplementary
Figure S4 shows the electronic density of states of these
crystalline structures as well as liquid phase; this figure
predicts the DFT energy gap of approximately 5.9 eV
for both crystals which is ∼ 1 eV higher than the DFT
energy gap of liquid water (at room temperature).

Figure 5 shows the harmonic emission from crystalline
Ic and Ih structures and compares them with liquid
water HHG. All the spectra in Fig. 5 arise from the
same driving pulses, but to see the impacts of crys-
tal anisotropy and molecular alignment on HHG, we
consider three different pulse polarizations along the
high-symmetry directions of each crystal. Since inversion
symmetry is broken for these crystalline structures, even
harmonics also appear in their spectra. As seen in Fig. 5,
for the low-harmonics up to order 7, emission yield from
liquid water is comparable or even higher than those
of crystalline phases. This is expected for perturbative
harmonics, as in our simulations the energy gap of
bulk ice is higher than for liquid water, and hence the
excitation of carriers is more important in water than ice.

But, for the higher harmonics, because of disturbing
the emission coherency in the disordered liquid phase,
the liquid phase HHG strongly decreases. This be-
haviour is similar to the experimental measurements
of the amorphous phase of quartz, namely fused silica,
which shows significantly weaker harmonic emission
and lower cutoff energy in comparison to crystalline
quartz [13, 14]. However, not only the harmonic yield is
stronger in the two phases of ice, but in sharp contrast
with the liquid phase and usual solids, the harmonic
emission in the solid ice raises strongly above the
bandgap. We attribute this effect to the dominate role
of the interband contribution, which can only occur
above the bandgap. As the band curvature in ice phases
is quite small, because of the ionic nature of the bounds,
the intraband contribution is expected to be smaller
than the interband one, which would explain the sharp
rise above the band edge, which is not usually seen in
covalent-bound semiconductors.

In liquids, the extension of the plateau (the energy
cutoff) is limited by the scattering and the mean-free
path of the low-energy electrons in the liquid [39]. We
find here that a strong harmonic emission is observed in
both considered phases of ice. The cutoff energies in all
ordered phases are higher than the cutoff of liquid and
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FIG. 4: Top view and side view of crystalline ice in (A) hexagonal (Ih) and (B) cubic (Ic) structures. The
distance between neighboring oxygen atoms along the hydrogen bond is approximately 2.7 Å. The hexagonal structure has 12
basis molecules in its unit cell while the cubic lattice has just 2 basis molecules with fcc symmetry. In the cubic structure, the
oxygen atoms are located on the same positions as C atoms in diamond but the O-H bond directions are toward the neighboring
molecule O atoms to fulfill the hydrogen bonding.
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FIG. 5: Impact of periodicity in harmonic emission from water. HHG from cubic (hexagonal) structure is shown in
black (blue), and the liquid water spectrum is displayed in light brown. We use a Gaussian filtering to smooth the ice spectra,
with a width taking as ω/6, where ω is incident pulse frequency.

The differences between the curves is discussed in the main text.

extend up to approximately 20 eV. This reflects the fact
that in solids, electrons can coherently move up the Bril-
louin zone edge, where electrons can scatter to higher
conduction bands [40]. This coherent motion of the elec-
trons in the solid phase is evidenced by a strong harmonic
emission around 15 eV. Indeed, both Ic and Ih density of
states (displayed in Fig. S4) show Van Hove singularities
at approximately 15 eV. The van Hove singularities are
known to lead to a strong enhancement of the harmonic
yield of the interband current [23]. We therefore link the
strong harmonic emission around 15 eV to the presence of
van Hove singularities at this energy in the joint density
of state of Ic and Ih ice. This is also another evidence
of the dominant role of the interband mechanism in the
harmonic emission in ice.
This feature is observed for all the three polarization con-
sidered here, even if strong emission at different energies
are also observed (e.g. around 9 eV or around 21 eV )
for some polarizations or phases. These differences are
dictated by the details of the bandstructure of Ih and Ic
ices, which we are not focusing on in the present work.
These results reveal how different the mechanisms re-
sponsible for HHG in liquid and solids can be. In bulk
ice, we observe a strong influence of the interband cur-
rent when electrons are coherently steered by the laser

from the Brillouin zone center to its edge, and of band-
structure effects (van Hove singularities). Meanwhile, in
liquids, the harmonic response mostly reveal the impor-
tance of the mean-free path on the electron trajectories
in real-space, which limit the excursion of the electron
and hence the extension of the plateau.

In Fig. 5, because of the higher number of basis
molecules in Ih crystal compared to the Ic crystal, the
emission from the disordered structure of liquid water in
the low energy region is more similar to the Ih emission;
note that the low harmonics arise mostly from the single-
molecule perturbative response. For the higher harmon-
ics, due to the fewer basis molecules of Ic structure and
therefore its higher ordering and coherency, its harmonic
emission is stronger than Ih structure. Notably, for both
crystalline phases, the HHG is enhanced when the light
polarization direction is along the hydrogen bonds con-
necting two neighboring molecules. In this direction, the
gradient of the ionic potential is strongest since it aligns
with the O2−-H+...O2− ions; and it causes significant en-
hancement of harmonic emission [41].

We end this part by discussing the impact of electron-
electron interactions on HHG. Due to weaker screening in
the low dimensional systems, like two-dimensional mate-
rials or isolated molecules, electron-electron interactions
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FIG. 6: Impact of the ionic motion on HHG from
liquid water. The initial velocities are taken from CPMD.
The related time-frequency analysis are shown in the bottom
panel; this figure also shows the time profile of the electric
field.

in these systems strongly affect the harmonic emission
(for example see Ref. [43]). To evaluate the role of the
e-e interactions in liquid or crystalline water, we calcu-
late harmonic spectra based on the independent parti-
cle approximation; our results, presented in Fig. S5 in
the Supplementary Materials, reveal that independent-
particle approximation gives an acceptable view from the
overall features of HHG spectral in the bulk systems. It
thus confirms the qualitative validity of the other studies
on HHG from liquid water with simpler models based on
independent particles [29, 39].

D. Impact of ion dynamics on HHG

As we show in the previous section, unlike gaseous
systems, the relative positions of atoms or molecules
are important in the HHG response from condensed
systems like liquid water. This can be understood by
the fact that once an electron is excited in liquid water,
the resulting hole is delocalized over the neighboring
molecules [49]. This effect is even more pronounced in
order phases like ice. Since the dynamics of the center of
the molecules as well as the proton transfer under strong
laser field are fundamental characteristics of liquids, and
in particular of water, a relevant question is whether or
not the HHG features are modified by the ionic motion

during the interaction of our ultrashort intense pulse
with the system, and if yes, up to which extend. We
note that with our previous cluster approach [29] it is
much less natural to investigate these effects.
Figure 6 shows the impact of ultrafast ion dynamics on
harmonic emission from liquid water; we also discuss
it for Ih crystal in the Supplementary. This figure
compares the HHG response calculated in the same
conditions, with and without including the dynamics of
the nuclei, described at the level of Ehrenfest dynamics.
At first glance, our results imply that ion dynamics
do not change the overall features of HHG spectrum.
For the first four peaks, Fig. 6 reports the ratio of
the harmonic yield when the ions are frozen to that of
allowed ionic motion. As shown this ratio is greater
than one and increases with harmonic energies which is
in agreement with the similar finding in the gas phase
for different isotopes of water where the heavier D2O
isotope with slower ion dynamics and slower vibration
compared to H2O shows stronger HHG increasing with
harmonic frequency [44]. In addition, other experimen-
tal [45] and theoretical [46] studies comparing HHG
from the D2 and H2 isotopes reported a similar behavior.

The fact that only the lowest harmonics are affected
could be understood if one consider the averaged
electronic structure of liquid water in terms of a band-
structure. The ion dynamics on the hydrogen bonds
mostly affect the bottom of the first conduction band
(see Supplementary Fig. S3). This implies that the
intraband motion, leading to below bandgap harmonics,
and interband current from the first conduction band
are modified, modifying the first harmonic orders. This
trend does not continue for the harmonics above the
gap and the plateau region, in agreement with the fact
that higher conduction bands have a dominant oxygen
orbital character. This explains why the plateau region,
roughly up to harmonic order 13, is less sensitive to
the dynamics. Around the energy cutoff, the effect
of the ionic motion is more pronounced. This part of
the spectrum is ultimately dictated by the mean-free
path of the electrons in the liquid [39], the dynamics of
the molecules themselves starts to play an important
role, explaining why differences are again observed.
The time-frequency analysis of these spectra, discussed
below gives further hints on how the effect of the nuclear
dynamics builds up in time.

Let us comment here on the use of the Ehrenfest dy-
namics in our simulations. The Ehrenfest dynamics has
been shown to be capable of describing the dissociation of
water molecules under electric fields [47] and is therefore
capable, at least partially, to capture the proton transfer
effects, which are an highly important aspect of the ion
dynamics in water. However, it is important to note here
that the Ehrenfest dynamics employed in our calculations
ignores nuclear quantum mechanical, which are known to
be important in gases, as they lead for instance to deco-
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herence effects. In fact the quantum nuclear effects have
also been shown to be important in liquid water [48].
However, because of the delocalization of the hole [49],
we expect that effect stemming from the classical motion
of the ions should dominate over intra-atomic and intra-
molecular nuclear quantum-mechanical effects for what
concern the HHG spectra, in particular for the overlap
of the ground-state wavefunction and the excited wave-
packet. Indeed, we are in a regime of laser intensity for
which the force exerted by the laser on the ions is quite
important. Our results already point towards the dom-
inant role of the hydrogen bond motion and allow us to
quantify how much the classical motion of the ions affects
the spectra. This is a first hint towards understanding
the complete effects of ionic motion on the ultrafast elec-
tron dynamics in liquids driven by intense laser fields.

Our time-frequency analysis, shown in the bottom pan-
els of Fig. 6, indicates that despite the similar trends
of HHG spectra, the attosecond characteristics of liquid
water, such as the chirp of the electron wavepackets, is
affected by the ultrafast dynamics and vibrations of the
molecules. Most of the observed differences in the area
found around the cutoff energy, in the plateau region.
The motion of the ions is for instance found to suppress
the emission events above 25 fs. In fact, while harmonic
emission before 20 fs is found to be mostly not affected by
the ion dynamics, later times display a modified dynam-
ics. A similar picture can be obtained for ice (see Supple-
mentary Fig. S6) and again, most differences are found
to occur after 20 fs of dynamics. This reveals that while
short laser pulses will not be sensitive to the ionic motion,
which is not significant enough during the first few fem-
tosecond to lead to sizable changes, a longer laser pulse
will critically depend on the dynamics of the molecules,
and a theoretical modelling needs to take this aspect into
account. Our simulation therefore indicate the range of
validity of the frozen-ion approximation, at least for our
laser parameters.

III. DISCUSSION

In summary, this work presents an accurate method
to describe the interactions between light and liquids on
the basis of coupling CPMD and TDDFT simulations.
We applied this method for the case of liquid water to
study its nonlinear response to intense ultrashort infrared
pulses; but, it can also be employed for other liquids or
amorphous systems. Our method predicts different ex-
perimental features of liquid water HHG, such as absence
of even harmonics, cutoff energy and plateau behavior.
We show that liquid water generate odd harmonics up to
the 15th order in the range of extreme ultraviolet wave-
lengths. The weak impact of electron-electron interac-
tions on liquid water HHG is marked. By considering
two ordered structures of ice crystal, we show how lack-
ing the long-range order in liquids, same as amorphous
solids [13, 14], reduces its harmonic emission, and the

comparison between bulk ice phases and liquid water re-
veals the difference in the microscopic mechanism for the
harmonic emission. Our calculations also reveal the im-
pact of the ultrafast ion dynamics of liquid water and
how it affects the attosecond response of system. These
results deepen our understanding or electron dynamics
in liquids, revealing how HHG from liquids is different
from order phases of ice.

IV. MATERIALS AND METHODS

A. Molecular dynamics simulations

The CPMD [37, 38] is an extension of the Lagrangian
formalism of classical molecular dynamics, which uses
density functional theory (DFT) total energy to describe
the interactions among atoms. This Lagrangian is as bel-
low (the equations are written in atomic units)

L =
1

2

∑
I

MIṘ
2
I + µ

∑
i

∫
dr |φ̇i(r, t)|2

−E [{φi}, {RI}] +
∑
ij

λij

(∫
drφ∗i (r, t)φj(r, t)− δij

)
.

(1)

The first term in Eq. 1 shows the kinetic energy of nuclei;
MI and RI denote the nuclei masses and their positions,
respectively. The second term couples electronic degrees
of freedom to the ionic motion by defining a fictitious ki-
netic energy, where µ is a fictitious mass for electrons and
φ is the Kohn-Sham electronic wavefunction; this term
keeps the electrons close to the ground state of the up-
dated configurations during the dynamics, and avoids the
costly self-consistent total energy minimization at each
time step. The third term in Eq. 1 is the Kohn-Sham
DFT total energy. Finally, the matrix λij in the last
term defines a set of Lagrange multipliers to ensure or-
thonormality of the wavefunctions. The Euler-Lagrange
equations of motion derived from Eq. 1 are as follows:

MIR̈I = −∇I E [{φi}, {RI}] ,

µφ̈i(r, t) = − δE

δφ∗i (r, t)
+
∑
j

λijφj(r, t).
(2)

In this article, the CPMD calculations to produce liq-
uid water structure are carried out with the Quantum-
Espresso package [50] in the canonical ensemble at the
temperature of 300 K. In our molecular dynamics (MD)
simulations, we use the fictitious mass of 100 a.u. for
the electrons, a time step of 2 a.u. and frequency of
60 THz for the Nose-Hoover thermostat [51, 52]. The
Nose-Hoover thermostat provides the energy exchange
with the heat bath by considering an additional degree
of freedom and modified the ionic equation of motion de-
fined in Eq. 2 as MIR̈I = −∇I E [{φi}, {RI}]−MIṘI η̇

where Qη̈ =
(∑nuclei

I MIṘ
2
I − gkBT

)
, Q is thermostat
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mass (considered 60 THz), g is number of ionic degrees
of freedom, kB is Boltzmann constant and T = 300 K is
the temperature of the thermostat [52].

Note that Van der Waals (vdW) interactions play an
important role in the water structure [27, 32–36]. Since
the local density and generalized-gradient approxima-
tions (LDA and GGA), do not properly include the vdW
interactions [32], they overestimate the hydrogen bond-
ings and fail to reproduce the structural properties of liq-
uid water [32–36]. Here, we use norm-conserving GGA-
revPBE [53] pseudopotentials for oxygen and hydrogen
atoms and Grimme-D2 dispersion correction to describe
the non-local correlation effects.

Figure S1 in the Supplementary Materials shows our
radial distribution function between oxygen atoms com-
puted from our periodic cubic system with the unit cell of
12.43 Å including 64 H2O molecules over 20 ps CPMD
simulations. As this figure shows, our simulation is in
good agreement with the experimental neutron scatter-
ing [54] and x-ray diffraction [55] measurements. So our
liquid water structure is simulated properly.

B. Ultrafast dynamics simulations

TDDFT calculations of the time evolution of electronic
wave functions under the influence of an external laser
field are performed with the Octopus code [56] on the
basis of the Kohn-Sham equation, defined as

iφ̇i(r, t) =
(
− ∇

2

2
+vext(r, t) + vH [n(r, t)]

+vxc[n(r, t)]
)
φi(r, t) ,

(3)

where vext is the external potential including the ap-
plied synthesized laser field (in the velocity gauge) and
electron-ion potential, vH is the Hartree part of the
Coulomb electron-electron interaction, vxc is exchange-
correlation potential, n(r, t) is the time dependent elec-
tron density defined as n(r, t) =

∑
i |φi(r, t)|2, where φi is

the Kohn-Sham orbital associated with the index i cor-
responding to both a band and a k-point index. The
pseudopotential is not shown in Eq. 3 for simplicity.

We also consider the impact of nuclei dynamics during
their interaction with the ultrashort pulse. For this pur-
pose, the equation of motion for nuclei is described using
Ehrenfest-TDDFT approach [57], where nuclei motions
couple to the Kohn-Sham equations via a set of classi-
cal Newtonian equation, MIR̈I = −∇I [

∑
i〈φi|HKS |φi〉+

E({RI})], where HKS and φi are, respectively, the Kohn-
Sham Hamiltonian and electron wavefunction described
in Eq. 3, which are related to nuclei via electron-ion po-

tential in vext; and E({RI}) is the classical energy of nu-
clei. The initial velocities of the ions besides the initial
system configuration are taken from the CPMD simula-
tions.

As shown earlier, our CPMD simulations capture the
isotropic nature of the liquid system over 20 ps. So, in
order to correctly describe the interaction between the
ultrashort laser pulse and the liquid, we consider sev-
eral different configurations of the CPMD time evolution,
which they denote as “subsystems”. The time interval
between consecutive subsystems is on the order of sev-
eral 10000 CPMD steps (a few ps) to ensure that the
selected subsystems are independent. The total electron
current for each subsystem is computed from

j(t) =
∑
i

〈φi| − i∇+
A(t)

c
|φi〉 , (4)

where A(t) is the vector potential of the laser pulse and
c is the light speed. In the next step, the high-harmonic
spectrum is obtained by the Fourier transform of the elec-
tron current per water molecule, averaged over different
subsystems exposed to the same incident pulse

HHG(ω) =
∑

k=x,y,z

∣∣∣FT (∂j̄k(t)

∂t

) ∣∣∣2 , (5)

where k shows the mutually orthogonal directions in
three-dimensional space, FT denotes a Fourier transform,
j̄ is average of electron current per water molecule, and
ω is photon frequency. Time-frequency analysis of high-
harmonics is performed using the Gabor transform [58]

GHHG(τ, ω) =
∣∣∣ ∫ ∞
−∞

dt exp(
−(t− τ)2

2w2
)e−iωt ∂ j̄(t)

∂t

∣∣∣2 ,
(6)

where our time window is taken to be w = 0.25 fs for the
laser wavelength of 1500 nm.

The exchange-correlation term in TDDFT calculations
is described by the same GGA-revPBE as used in CPMD
calculations. But, vdW interactions are not included, as
they lead to no difference in the HHG spectra. We con-
sider a grid spacing of 0.3 bohr thorough TDDFT calcu-
lations, and a dense k-point grid of 5 × 5 × 5. Also, we
use aetrs algorithm to approximate the evolution oper-
ator and the time step of 0.2 a.u. within our TDDFT
calculations.

Note that in this work we just considered the electron
contributions to HHG, which is computed from the time-
dependent electronic current (see Eq. 5). We verified that
the effects of ionic current are negligible.
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Supplementary Note 1: Radial distribution function between oxygen atoms in liquid water

The usual way to estimate the accuracy of liquid water MD simulation is comparing the calculated radial distribution
function (RDF) between oxygen atoms with experiments [31]. Figure S1 displays O-O RDF obtained from our
simulation which is calculated, after the equilibrium achieved, as time average over about 20 ps MD simulation. This
figure shows that our RDF is in a good consistent with the experimental measurements.
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FIG. S1: Comparison of our calculated oxygen-oxygen radial distribution function (gOO) in liquid water with experiments;
exp1 and exp2 are, respectively, obtained from neutron scattering [48] and joint x-ray/neutron diffraction [49].

Supplementary Note 2: Toward the isotropic limit

Similar to Fig. 3 in the main text, Fig. S2 gives a comparison between total HHG and x-polarized HHG in liquid
water. In this figure, the calculated results are averaged over 85 subsystems (approximately 5400 water molecule).
The suppression of even harmonics as well as perpendicular emission at this spectrum marks the convergence of
harmonic emission up to 15 eV.
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FIG. S2: Comparison between the total HHG and harmonic emission along the incident laser pulse in the x direction. By
including more subsystems to fulfill the isotropic limit, the harmonic emission in directions perpendicular to the pulse are
suppressed.

Supplementary Note 3: Ice cutoff energy

Regarding the discrete band structure in solids, the cutoff energy definition for a HHG spectrum corresponding to a
solid target is not so clean and one can define several cutoff energies. However, if We consider the cutoff energy as the
spectral position where the intensity decreases by an order of magnitude at a given harmonic and beyond, averaged
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over a large bandwidth of several eV, the cutoff energy of crystalline structures in Fig. 5 will be between 15-20 eV
which is higher than the cutoff of liquid.
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FIG. S3: The calculated electronic band structure for a typical subsystem of liquid water including 64 H2O molecules. The
top of the valence band is set to be zero. The occupied states are relatively flat while the hydrogen bonds between neighboring
water molecules cause band dispersion in the conduction bands.
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FIG. S4: Comparison of density of states per H2O molecule in liquid and crystalline phases of water. Top of the valence states
are set to be zero.
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FIG. S5: Impact of electron-electron interactions on HHG from water; the considered interactions between electrons are
in GGA-revPBE level. Comparisons are done for (a) Ic crystal structure of water (introduced in the main text) and (b) a
subsystem of liquid phase. The incident pulse is a linear polarized pulse as defined in the main text. Note that (b) gives a
comparison just for one subsystem and the spectral is converged just for the low harmonics (see Fig. 3 in the main text).

FIG. S6: Impact of ionic motions on HHG from Ih crystalline; the considered initial velocities are zero. The light polarization
is along z direction. The related time-frequency analysis are shown in the bottom panel; the sharp chirp in the right panel
(with allowed ion dynamics) leads to extract a bright isolated attosecond pulse at the peak electric field. The time-dependent
electric field is also displayed in the bottom panel. The comparision between time-frequency analysis of ice and liquid water,
displayed in the main text, reveals the different microscopic electron dynamics in these systems. While electron recombination
in the crystalline structure of ice could be explained by inter- and intraband mechanisms, the time-frequency of liquid water
shown in Fig. 6 indicates the scattering of excited electrons by other molecules.
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FIG. S7: Liquid water HHG calculated using the cluster approach, compared to supercell results for two different incident
pulse wavelengths of 800 and 1500 nm, in the same intensity of 20 TW/cm2. Despite these quantitative differences, the cluster
model qualitatively works well and predict the cutoff energy as well as its independence from the wavelength in agreement with
the supercell approach and experimental results, see also Fig. 3 in Ref. 39.
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