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Attosecond spectroscopy of liquid water
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Electronic dynamics in liquids are of fundamental importance, but time-resolved experiments have so far
remained limited to the femtosecond time scale. We report the extension of attosecond spectroscopy to the
liquid phase. We measured time delays of 50 to 70 attoseconds between the photoemission from liquid water
and that from gaseous water at photon energies of 21.7 to 31.0 electron volts. These photoemission delays
can be decomposed into a photoionization delay sensitive to the local environment and a delay originating from
electron transport. In our experiments, the latter contribution is shown to be negligible. By referencing liquid
water to gaseous water, we isolated the effect of solvation on the attosecond photoionization dynamics of
water molecules. Our methods define an approach to separating bound and unbound electron dynamics from

the structural response of the solvent.

he study of liquid water has been at the
heart of physical sciences since their
emergence. Although undoubtedly the
most studied liquid, water has proper-
ties that are still not entirely understood.
Water displays more than 70 anomalies in its
physical properties (I-3), such as density, heat
capacity, or thermal conductivity. Even the
structure of liquid water with its rapidly fluc-
tuating hydrogen-bond network remains an
object of intense debate (4-7). Many open
questions are associated with liquid water,
and their far-reaching implications explain
the considerable attention that it has always
attracted. A wide variety of experimental tech-
niques have therefore been applied to its study,
including nuclear magnetic resonance (8), in-
frared (IR) spectroscopy (9), x-ray spectros-
copies (10), and x-ray scattering (11).
Despite these considerable efforts, many
properties of liquid water remain mysterious.
This fact is partially the consequence of a
mismatch between the temporal resolution
of the available techniques and the ultrafast
dynamics of liquid water. A prominent ex-
ample is the observation of a splitting in the
X-ray emission spectrum of the outermost va-
lence band of liquid water, which is assigned
either to two structural motifs of liquid water,
differing in their hydrogen-bond structure
(12), or to dynamics in the core-hole state (13).
Differentiation of these two interpretations would
require subfemtosecond temporal resolution.
Hence, probing liquid water on ever shorter
time scales may allow for a better understand-
ing of at least some of its unusual properties.
Here, we used attosecond spectroscopy to
study liquid water. Whereas isolated molecules
of increasing complexity have been studied
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with attosecond temporal resolutions (14-17),
a deeper understanding of electronic dynamics
in real chemical and biological processes re-
quires an extension of attosecond science to
the liquid phase. As the main distinguishing
feature relative to most femtosecond spectros-
copies, the inherent time scale of the present
measurements freezes all types of structural
dynamics, leaving only the fastest electronic
dynamics as possible contributions.

We concentrated on the measurement of
time delays in photoemission. Previous mea-
surements on atoms (I8, 19) and molecules
(17, 20), with supporting theoretical work
(21-23), established that such experiments
access photoionization delays caused by the
propagation of the photoelectron through the
potential created by the parent ion. Similar
measurements on metals (24-26) revealed the
dominant influence of the electron transport
time from the point of ionization to the sur-
face. The additional role of initial-state and
final-state effects was highlighted in (27-29).
Recent work on nanoparticles (30) interpreted
the time delays as being dominantly sensitive
to inelastic scattering times on the basis of
purely classical simulations that neglected the
time delays due to photoionization and scat-
tering. Here, we developed a model that de-
scribes such time delays on a fully quantum
mechanical level and combined it with a
semiclassical-trajectory Monte Carlo simula-
tion of electron transport, which includes
elastic and inelastic electron scattering, the
quantum mechanical phase accumulated along
all possible electron trajectories, and the re-
sulting interference effects. We show that, in
general, the measured time delays encode both
scattering delays and mean free paths in ad-
dition to the photoemission delay.

The concept of our measurement is illus-
trated in Fig. 1. We used attosecond interfer-
ometry to measure the time delay between the
photoemission from liquid water and that
from gaseous water. Liquid water was intro-
duced into a vacuum chamber through a
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quartz nozzle with an inner diameter of ~25 pm.
Evaporation from the jet created the sur-
rounding gas phase. An extreme ultraviolet
(XUV) attosecond pulse train (APT), obtained
through high-harmonic generation of a ~30-fs
near-IR laser pulse in an argon gas cell, was
focused onto the liquid microjet (spot size
~50 um) together with a strongly attenuated
replica of the IR laser pulse. This resulted in
the detection of electrons from both phases
simultaneously. [See (31) for details of the
experimental setup.]

The photoelectron signals from the liquid
phase were shifted and broadened relative to
the gas-phase signals, which enabled their dis-
crimination. Photoemission induced by the
APT created several replicas of the photo-
electron spectra (Fig. 1, blue). The simulta-
neous presence of the APT and IR pulses
resulted in the formation of sideband spec-
tra (Fig. 1, red). Because these sidebands can
be created through two different quantum
pathways, their intensity oscillates as a func-
tion of the delay between the APT and IR
pulses.

A general challenge in attosecond time-
resolved measurements originates from the
spectral bandwidth of attosecond pulses. The
resulting spectral congestion is considerably
reduced by using an APT (17, 32). Nonetheless,
most complex systems usually have broad
photoelectron spectra, which makes the ap-
plication of attosecond photoelectron spec-
troscopy difficult. This challenge has been
addressed by using metallic filters to reduce
the spectral overlap (17, 19) and additionally
performing an energy-dependent analysis of
the sideband oscillation phases (32, 33). In
the general case of broad overlapping photo-
electron spectra, these approaches are no longer
sufficient. We therefore combined these ideas
with a general approach: the complex-valued
principal components analysis (CVPCA) that
was numerically validated in (34).

Figure 2 shows the experimental results ob-
tained with APTs transmitted through Sn or
Ti filters, respectively, resulting in a spectral
restriction to harmonic orders 11, 13, and
15 (Sn) or 17, 19, and 21 (Ti). Shown in Fig. 2, A
and B, are the photoelectron spectra recorded
in the absence (blue circles) or presence (orange
circles) of the IR field; Fig. 2, C and D, shows
the difference spectrum (“IR on” - “IR off”;
black circles) recorded on a single-shot basis
by chopping the IR beam at half of the laser
repetition rate. The spectra are dominated
by the photoelectrons originating from the
highest valence band of liquid water (light
blue), the highest occupied molecular orbital
(HOMO) of isolated water molecules (dark
blue), and the respective sidebands (light
and dark orange, respectively).

To achieve the highest accuracy, we based
the analysis on principal component spectra
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that were measured with the same liquid-
microjet photoelectron spectrometer (35), but
replacing the APT with isolated high-order
harmonics selected in a time-preserving mono-
chromator (36). [See (3I) and fig. S1 for the
corresponding photoelectron spectra obtained
with harmonics 11 to 21.] These principal com-
ponents were used to decompose the photo-
electron and difference spectra in Fig. 2 into
the individual contributions of the high-
harmonic orders and the two phases of wa-
ter. Positive contributions in the difference
spectra (Fig. 2, C and D) represent sidebands,
whereas the negative contributions originate
from the depletion of the main photoelec-
tron bands.

Figure 2, E and F, shows the difference spec-
tra as a function of the APT-IR delay. Distinct
oscillations with a period of 1.33 fs can be ob-
served in both spectrograms in the spectral
regions corresponding to both gas- and liquid-
phase contributions. Figure 2, G and H, shows
the power spectrum of the Fourier transform of
Fig. 2, E and F. These images reveal the pres-
ence of the expected 2w oscillations (where o is
the angular frequency of the IR laser).

Figure 2, I and J, shows the complex-valued
Fourier transform of Fig. 2, E and F, obtained
by integration over the width of the 2w peak.
Note that the phases (blue circles in Fig. 2,
I and J) are not flat but vary across most energy
ranges, as do the amplitudes (green triangles).
We find that our CVPCA fully reproduces the
complex-valued Fourier transform by attribut-
ing a unique phase shift and modulation depth
to each of the principal components (31).

This analysis reliably provides the time de-
lays between photoemission from the liquid
and gas phases as AT = Tjiq ~ Tgas = (Diq ~ Vgas)/
2. In the case of sideband 14: (21.7 eV photon
energy), we obtain At = 69 + 20 as; in the case
of sideband 20 (31.0 eV photon energy), we
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nozzle

obtain At = 49 + 16 as. The statistical analyses
leading to these results are given in table S1
and figs. S4 and S5 (3I). The positive sign of
the relative delays indicates that the electrons
from liquid water appear to be emitted later
than those from water vapor.

The modulation depth M, where M =1 sig-
nifies a perfect contrast of the sideband os-
cillation, is also observable. In the gas phase,
values of M > 0.95 are usually observed [see,
e.g., figures 1 and 2 of (I7) for an experiment
using the same apparatus and nearly iden-
tical experimental conditions]. In the gas
phase, deviations of M from unity are caused
by the incoherent superposition of oscillations
with different phase shifts, experimental im-
perfections, and/or small differences in the
amplitudes of the two quantum paths lead-
ing to the same sideband state. Here, we
concentrated on the analysis of the relative
modulation depths between the liquid- and
gas-phase signals, which eliminates the lat-
ter two effects. The relative modulation depths,
defined as M, = Mjq/M,,s, amount to 0.17 =
0.03 and 0.45 + 0.06 in the case of sidebands
14 and 20, respectively.

The near-field distributions around the lig-
uid microjet were calculated with finite-element
time-dependent methods (see figs. S6 and S7).
The near-field distributions make a negligible
contribution to the delay of t;q — Tgas = -5 as.
Moreover, they cause a reduction of the modu-
lation contrast of 3% for the liquid phase and
6% for the gas phase. Both effects are opposite in
trend to the measured results and are much
smaller in magnitude.

Attosecond interferometry in liquids can be
understood as a fully coherent combination of
photoionization and electron scattering dur-
ing transport to the surface of the jet (Fig. 3).
Our previous analysis (37) has shown that such
experiments can be rationalized by combining
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Fig. 1. Attosecond time-

resolved photoelectron
spectroscopy of liquid water.

A spectrally filtered attosecond
pulse train composed of a few
high-harmonic orders (such

as H9™D and HD), superimposed
with a near-IR femtosecond laser
pulse, interacts with a microjet of
liquid water. Photoelectrons are
simultaneously emitted from the
liquid and the surrounding gas
phase. The resulting photoelectron
spectra are measured as a function
of the time delay between the
overlapping pulses.

the laser-assisted photoelectric effect (LAPE)
with laser-assisted electron scattering (LAES).
We distinguish “local” pathways, when the
XUV and IR fields act at the same location
in space, from “nonlocal” pathways where
the XUV interaction (photoionization) and
IR interaction (LAES) take place at differ-
ent spatial positions.

For clarity we first discuss the one-dimensional
case, modeling photoionization with an attrac-
tive potential and electron-water scattering
with a shallower repulsive potential (Fig. 4).
For sufficiently high photon energies, a sin-
gle collision results in a total delay that os-
cillates between ! + ©° and ! - %% where
7T and 1 are the Wigner delays for photo-
ionization and scattering, respectively, as a func-
tion of the distance between the locations of
LAPE and LAES with a spatial period L = 4wt/
(kg+1 = kg-1) as shown in Fig. 4B. This oscil-
lation is caused by the interference between
local and nonlocal pathways along which the
photoelectron wave packets have accumu-
lated different amounts of phase because of
their different central momenta (k,_,, kg, or
k4+1). In the presence of an exponential dis-
tribution of path lengths, corresponding to a
given elastic mean free path (EMFP), the ob-
served delay monotonically decays from " +
% to 771 (37). In the case of n = IMFP/EMFP
elastic collisions, where IMFP is the inelastic
mean free path, the total delay decays from t*" +
™ to 17! about 7 times faster (Fig. 4C).

We hence draw the (general) conclusion
that in the limit EMFP << L/n (or IMFP << L),
the classical limit is reached and the total
delay is simply the sum of the photoionization
and all scattering delays. In the opposite limit
(EMFP >> L/n, i.e., IMFP >> L), the effects of
the scattering delays cancel, such that the
total delay becomes equal to the photoioniza-
tion delay.
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The MFPs of slow (<50 €eV) electrons in
liquid water are extremely difficult to calculate
and no reliable experimental measurements
exist, as summarized in (38). Therefore, we
developed an approach to determine the elastic
and inelastic MFPs based on first-principles

electron-molecule scattering calculations to
determine the differential scattering cross
section (DCS) for electron scattering with liq-
uid water (39). These DCSs are used in a tra-
jectory Monte Carlo simulation to uniquely
determine the unknown EMFPs and IMFPs,

Fig. 2. Attosecond photo- 1
electron spectra of liquid
and gaseous water. Data
were acquired with a
Sn-filtered APT (left) or a
Ti-filtered APT (right).

(A and B) Photoelectron
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required to describe electron scattering event
by event, from two recent experimental mea-
surements (40, 41). Details of this procedure
are given in (39). The EMFP amounts to 0.56 nm
and the IMFP to 3.8 nm at the Kinetic energy
corresponding to sideband 14. At the Kinetic
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curves). (C and D) Dif-
ference spectra (circles),
principal components fit
(line), and decomposition
(filled curves) into sidebands
(orange) and depletion
(blue). (E and F) Difference
spectra as a function of the
APT-IR time delay. (G and
H) Fourier-transform power
spectrum of (E) and (F).
(I'and J) Amplitude and
phase of the 2w component
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Fig. 3. Physical mechanisms of attosecond
interferometry in liquid water. In the gas
phase, the XUV- and IR-induced interactions
are both localized to the same molecule. In the
condensed phase, we distinguish “local” path-
ways [(1) and (2)], followed by additional
scattering events without exchange of photons,
from “nonlocal” pathways [(3) and (4)],
consisting of ionization followed by one laser-
assisted scattering event (including exchange
of one photon with the IR field) among n + n”
non-laser-assisted collisions. Along the local
pathways, photoelectron wave packets with
central momenta k, are launched. The nonlocal
pathways correspond to the launch of wave
packets with central momenta ky_; and kg1
that are converted to a central momentum kg
through a remote LAES interaction.
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energy corresponding to sideband 20, the EMFP
amounts to 0.84 nm and the IMFP to 4.6 nm.
These MFPs are thus sufficiently large to can-
cel the scattering contributions to the total
delays (Fig. 4C). Consequently, even larger
values of the MFPs will not modify our results.

We further verified this conclusion through
a complete three-dimensional calculation,
which is described in (37) and implements
all physical mechanisms shown in Fig. 3.
Our model is based on semiclassical Monte
Carlo trajectory calculations, but includes
the phases and amplitudes derived from a
quantum mechanical treatment of photo-
ionization, electron scattering, LAPE, LAES,
and transport in three dimensions, which were
derived from our earlier one-dimensional
model (37). The Monte Carlo trajectory calcu-
lations rely on accurate complex-valued scatter-
ing factors obtained from ab initio scattering
calculations of electrons with water clusters
of increasing size, and they use the associated
values of the EMFP and IMFP (39). More than
108 classical trajectories were launched from
at least 10% randomly selected initial positions
with a momentum of either %,._; or k., (Where
q = 14 or 20 is realized in different sets of cal-
culations). The results of these calculations are
given in fig. S11. The contribution of electron
scattering during transport amounts to 0 to
6 as, depending on the depth from which the
electrons originate, which averages to ~2 as
over all probed depths. Hence, these contribu-
tions are negligible in comparison to the mea-
sured delays of ~50 to 70 as.

Having excluded the contributions from
electron scattering and the near-field distri-
butions, we now turn to the photoionization
delays. Figure 5 shows the calculated photo-
ionization delays of the isolated water mole-
cule, a water pentamer, corresponding to one
complete solvation shell and a (H,0);; cluster,
which possesses a partial second solvation
shell (31). A tetrahedral coordination of each
water molecule with an O-O distance of 2.75 A,
corresponding to the averaged structure of
liquid water, was chosen. The delays system-
atically increase with the addition of the first
solvation shells. The increase of the delay from
H,0 to (H,0);; amounts to 61 as at 21.7 eV and
30 as at 31.0 eV. These numbers compare well
with the experimentally measured relative de-
lays of 69 + 20 as and 49 + 16 as (Fig. 5, red
box), particularly when noticing the slower
convergence of the delay with cluster size at
the higher photon energy.

Because the solvation structure of liquid
water is an important and still controver-
sial topic [see, e.g., (4-7)], we studied the
sensitivity of the delays to local structural
distortions. Using the most representative
solvation structures identified in x-ray absorp-
tion spectroscopy (4, 12), we stretched one O-O
distance in the water pentamer from 2.75 A
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Fig. 4. Contributions of photoionization and scattering to the measured delays. (A) Schematic
representation of the potentials used in the time-dependent Schrodinger equation (TDSE) calculations.

(B) Total delays (") for the case of a single collision at a fixed distance (lines) or an exponential path-length
distribution with average r (symbols). (C) The case of n elastic collisions, sampled according to an
exponential path-length distribution with average r. The shaded areas represent one standard deviation

of the corresponding MFPs.

to 3.50 A (Fig. 5, arrow labeled “stretched”) or
rotated one water molecule by 50° around the
central molecule. In the case of (H,0);;, the
same operations were applied to one group of
three water molecules attached to the central
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one. Our measured delays are consistent with
both the unperturbed tetrahedral coordination
(see Fig. 5, red box) and with a single hydrogen
bond being broken by stretching (Fig. 5, dashed
red box), but not by bending. Photoionization
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Fig. 5. Effect of the local solvation structure on photoionization delays. Calculated photoionization
delays for H,0, (H0)s, and (H,0);; are shown. The bottom two rows indicate delays obtained by
stretching (arrow labeled “stretched”) or bending (arrow labeled “bent™) one hydrogen bond in the clusters.
(H20)1; was the largest entity for which fully converged delay calculations were possible, with a typical

computational cost of 180 CPU days per calculation.

delays therefore discriminate between stretched
or bent solvation structures, which yield in-
distinguishable x-ray absorption spectra [curves
c and e of figure 3A in (4)]. Our measurements
are thus consistent with a dominantly tetrahe-
dral coordination of liquid water; they do not
exclude the contribution of stretched hydrogen
bonds, but they do exclude a dominant fraction
of hydrogen bonds being broken by bending.
Moreover, these sensitivities motivate the ap-
plication of attosecond interferometry to ice
and supercooled water, which are structur-
ally more or less homogeneous than liquid
water, respectively.

‘We now return to the interpretation of the
reduced modulation depths observed for the
liquid phase. According to Fig. 5, these finite
contrasts most likely originate from a distri-
bution of local solvation structures, which re-
sults in a distribution of photoionization delays.
The superposition of interferometric oscilla-
tions with a distribution of phase shifts will
indeed result in a reduced contrast of the in-
terferometric oscillation. The larger sensitiv-
ity of the delays calculated at 21.7 eV (ranging
from 110 to 157 as) compared to 31.0 €V (41 to
48 as) is consistent with the lower relative
modulation depth of 0.17 + 0.03 and 0.45 +
0.06, respectively. An additional possible con-
tribution to the reduced contrast comes from
decoherence of electrons in liquid water. In
the case of the nonlocal pathways (see Fig.
3), the collisions taking place between photo-
ionization and LAES can cause decoherence
of the propagating electron wave packet, which
would also result in a reduced modulation
contrast. Nonlocal attosecond interferometry
therefore offers a possible approach to mea-
suring the loss of electronic phase coherence
during electron transport in matter.
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The time delays determined in our work
reflect the effect of the solvation environment
on (i) the electronic structure of water mol-
ecules and (ii) the multiple scattering of the
outgoing photoelectron. This assignment is
confirmed by the dominant influence of the
first two solvation shells (i and ii) and the
decrease of the solvation-induced delays with
the kinetic energy (ii). The measurement of
photoemission time delays from liquids can
thus be viewed as an attosecond time-resolved,
fully coherent, electron scattering experiment
from within. Relative to diffraction techniques
based on external sources, it has the advantage
of selectively probing the immediate environ-
ment of the ionized species. Relative to x-ray
spectroscopy, it offers a temporal resolution
reaching down to a few attoseconds. These
aspects open new perspectives in solvation
science, such as the measurement of the purely
electronic solvent response after electronic ex-
citation, relaxation, or large-amplitude chem-
ical dynamics. They additionally offer the
perspective of time-resolving both local and
nonlocal electronic relaxations in the liquid
phase, such as Auger decay, intermolecular
coulombic decay (42, 43), and electron transfer-
mediated decay (44).

Our work shows that, relative to the photo-
emission from the HOMO of the isolated mol-
ecule, photoemission from the most weakly
bound valence band of liquid water is delayed
by 50 to 70 as. Detailed calculations indicate
that the contributions of electron transport to
the measured delays are negligible and iden-
tify solvation as the main contribution to the
measured delays. The measured delays are
dominated by the first two solvation shells of
water and are sensitive to the local solvation
structure. Although demonstrated on practically
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pure liquid water, our techniques are directly
applicable to other liquids and solutions,
thereby establishing the applicability of atto-
second spectroscopy to solvated species. This
development has the potential of expanding
attosecond science into the realms of chem-
istry, materials science, and biology.
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Attosecond science in liquid phase

Many physical properties of liquid water remain unresolved due to the very fast dynamics involved in the liquid
phase. Using attosecond time-resolved photoelectron spectroscopy, Jordan et al. found that photoemission of electrons
from water in the liquid phase shows a time delay of about 50 to 70 attoseconds compared with photoemission from the
gas phase. This difference was attributed to solvation effects and was validated by analysis of various contributions to
the measured delays and by using theoretical simulations in water clusters of different sizes.
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