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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. Here,
we report the extension of attosecond spectroscopy to the liquid phase. We me-
asure time delays of 50-70 attoseconds between the photoemission from liquid
and gaseous water at photon energies of 21.7-31.0 eV. These photoemission de-
lays can be decomposed into a photoionization delay sensitive to the local envi-
ronment and a delay originating from electron transport. In our experiments
the latter contribution is shown to be negligible. By referencing liquid to gase-
ous water, we isolate 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.



Owing to its importance for life, the study of liquid water has been at the heart of physical
sciences since their emergence. Although undoubtedly being the most studied liquid, the pro-
perties of water are still far from being understood. Water displays over 70 anomalies in its phy-
sical properties (1-3). Even the structure of liquid water with its rapidly fluctuating hydrogen-
bond network remains an object of intense debates (4—7). The wide range of open questions
associated with liquid water and their far-reaching implications explain the considerable at-
tention that it has always attracted. Most novel experimental techniques have therefore been
applied to its study, ranging from nuclear magnetic resonance (8) to infrared spectroscopy (9),
to X-ray spectroscopies (10) and to X-ray scattering (11).

In spite of 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 example is the
observation of a splitting in the X-ray emission spectrum of the outermost-valence band of
liquid water, which is assigned either to two structural motifs of liquid water, differing in the
hydrogen-bond structure (12), or to dynamics in the core-hole state (13). Differentiation of
these two interpretations would require sub-femtosecond temporal resolution. Hence, probing
liquid water on ever shorter time scales may allow for a better understanding of at least some of
its unusual properties.

In this work, we applied attosecond spectroscopy to study liquid water. Whereas isola-
ted molecules of increasing complexity have been studied with attosecond temporal resolu-
tion (14-17), a deeper understanding of electronic dynamics in real chemical and biological
processes requires an extension of attosecond science to the liquid phase. As the main distin-
guishing feature compared to most femtosecond spectroscopies, the inherent time scale of the
present measurements freezes all types of structural dynamics, leaving only the fastest electro-
nic dynamics as possible contributions.

Here, we concentrated on the measurements of time delays in photoemission. Previous me-
asurements on atoms (18,19) 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 surface. The additional role of initial-state and final-state effects was highlig-
hted in Refs. (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 scattering. Here, we developed a mo-
del that describes such time delays on a fully quantum-mechanical level and combined it with
a semi-classical trajectory Monte-Carlo simulation of electron transport, which includes elastic
and inelastic electron scattering, the quantum-mechanical phase accumulated along all possible
electron trajectories, as well as the resulting interference effects. We showed that, in general,
the measured time delays encode both scattering delays and mean-free paths, in addition to the
photoemission delay.

The concept of our measurement is illustrated in Fig. 1. We used attosecond interferometry
to measure the time delay between the photoemission from water in its liquid and gaseous forms.

Liquid water was introduced into a vacuum chamber through a ~25 pm inner-diameter quartz
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Figure 1: Attosecond time-resolved photoelectron spectroscopy of liquid water. A
spectrally filtered attosecond pulse train, composed of a few high-harmonic orders (such as
H(~1 H@+) etc.) superimposed with a near-infrared (IR) femtosecond laser pulse interacts
with a microjet of liquid water. Photoelectrons are simultaneously emitted from the liquid and
the surrounding gas phase (see inset). The resulting photoelectron spectra are measured as a
function of the time delay between the overlapping pulses.



nozzle. Evaporation from the jet created the surrounding gas phase. An extreme-ultraviolet
(XUYV) attosecond pulse train (APT) obtained through high-harmonic generation of a ~30 fs
near-infrared (IR) laser pulse in an argon gas cell, together with a strongly attenuated replica of
the IR laser pulse were focused onto the liquid microjet with a spot size of ~50 pm, resulting
in the detection of electrons from both phases simultaneously. More details of the experimental
setup are given in the Supplementary Material (SM).

The photoelectron signals from the liquid phase are shifted and broadened compared to the
gas-phase signals, as schematically illustrated in Fig. 1, which enabled their discrimination.
Photoemission induced by the APT created several replica of the photoelectron spectra (shown
in blue in Fig. 1). The simultaneous presence of the APT and IR pulses resulted in the formation
of side-band spectra, shown in red in Fig. 1. Because these sidebands (SB) can be created
through two different quantum pathways, their intensity oscillates as a function 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 (17,31). Nevertheless, most complex systems usually have broad photoelectron
spectra, which makes the application of attosecond photoelectron spectroscopy 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 side-band oscillation phases
(31,32). In the general case of broad overlapping photoelectron spectra, these approaches are
no longer sufficient. We therefore combined these ideas with a general approach, the complex-
valued principle-component analysis (CVPCA) that has been numerically validated in (33).

Figure 2 shows the experimental results obtained 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). Panels a of Fig. 2 show the photoelectron spectra recorded in the absence
(blue circles) or presence (orange circles) of the IR field and panels b show 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 of isolated water molecules (dark blue), as well as the respective sidebands
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Figure 2: Attosecond photoelectron spectra of liquid and gaseous water. Data acquired with
a Sn-filtered APT (left) or a Ti-filtered APT (right). a) Photoelectron spectra in the absence
(blue) and presence (orange) of the IR field with their principal-component fit (full lines) and
decomposition (filled curves). b) Difference spectra (circles), principle-component fit (line)
and decomposition (filled curves) into side bands (orange) and depletion (blue). c) Difference
spectra as a function of the APT-IR time delay. d) Fourier-transform power spectrum of c. e)
Amplitude and phase of the 2w component of the Fourier transform.

(light and dark orange, respectively).

In order to achieve the highest accuracy, we based the analysis on principal-component
spectra that were measured with the same liquid-microjet photoelectron spectrometer (34), but
replacing the APT with isolated high-order harmonics selected in a time-preserving monochro-
mator (35). The corresponding photoelectron spectra obtained with harmonics 11 to 21 are
shown in the SM (Fig. S1). These principal components were used to decompose the photoe-
lectron and difference spectra in Fig. 2 into the individual contributions of the high-harmonic
orders and the two phases of water. Positive contributions in the difference spectra (panels b) re-

present side bands, whereas the negative contributions originate from the depletion of the main



photoelectron bands.

Panels c of Fig. 2 show the difference spectra as a function of the APT-IR delay. Distinct
oscillations with a period of 1.33 fs can be observed in both spectrograms in the spectral regions
corresponding to, both, gas- and liquid-phase contributions. Panels d show the power spectrum
of the Fourier transform of panels c. They reveal the presence of the expected 2w oscillations
(where w is the angular frequency of the IR laser).

Panels e of Fig. 2 show the complex-valued Fourier-transform of panels c, obtained by
integration over the width of the 2w peak. Importantly, the phases (blue circles in panels e) 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 attributing a unique
phase shift and modulation depth to each of the principal components. Details on this procedure
are given in the SM (Section 2.3).

This analysis reliably provides the time delays between photoemission from the liquid and
gas phases as AT = Tjiq — Tgas = (Pliq — Peas) /(2w). We obtain A7 = 69 =+ 20 as in the case
of side band 14 (21.7 eV photon energy) and A7 = 49 £ 16 as in the case of side band 20
(31.0 eV photon energy). The statistical analyses leasing to these results are given in Table S1
and Figs. S4 and S5 (SM). 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 second observable is the modulation depth M, where M = 1 signifies a perfect contrast
of the side-band oscillation. In the gas phase, values of M > 0.95 are usually observed (see,
e.g., Figs. 1 and 2 of Ref. (17) for an experiment using the same apparatus and nearly identical
experimental conditions). In the gas phase, deviations of M from unity are caused by the
incoherent superposition of oscillations with different phase shifts, experimental imperfections,
or small differences in the amplitudes of the two quantum paths leading to the same side-band
state. Here, we concentrate on the analysis of the relative modulation depths between the liquid-
and gas-phase signals, which eliminates the latter two effects. The relative modulation depths
M, = Mliq/Mgas amount to 0.17 £ 0.03 and 0.45 £ 0.06 in the case of side bands 14 and 20,
respectively.

We first discuss the role of the near-field distributions around the liquid microjet, which

have been calculated with finite-element time-dependent methods (see Figs. S6 and S7). The



near-field distributions make a negligible contribution to the delay of 7iq — 75as = —5 as. They
moreover cause a reduction of the modulation contrast of 3% for the liquid phase and 6% for
the gas phase. Importantly, both effects are opposite in trend to the measured results and much
smaller in magnitude.
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Figure 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” pathways ((1) and (2)), followed by additional scatte-
ring events without exchange of photons, and “non-local” pathways ((3) and (4)), consisting of
ionization, followed by one laser-assisted scattering event (incl. exchange of one photon with
the IR field) among n + n’ non-laser-assisted collisions. Along the local pathways, photoelec-
tron wave packets with central momenta k, are launched. The non-local pathways correspond
to the launch of wavepackets with central momenta k,_; and &, that are converted to a central
momentum £, through a remote LAES interaction.

Attosecond interferometry in liquids can be understood as a fully coherent combination of

photoionization and electron scattering during transport to the surface of the jet (Fig. 3). Our



previous analysis (36) has shown that such experiments can be rationalized by combining 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, and
“non-local” pathways where the XUV interaction (photoionization) and IR interaction (LAES)
take place at different spatial positions.

For clarity we first discuss the one-dimensional case, modelling photoionization with an
attractive potential and electron-water scattering with a shallower repulsive potential (Fig. 4).
For sufficiently high photon energies, a single collision results in a total delay that oscillates
between 771 + 75 and 77! — 75 where 77! and 75°® are the Wigner delays for photoionization
and scattering, respectively, as a function of the distance between the locations of LAPE and
LAES with a spatial period L = 47 /(k,+1 — k,—1) as shown in Fig. 4b. This oscillation is
caused by the interference between local and non-local pathways along which the photoelectron
wave packets have accumulated different amounts of phase because of their different central
momenta (k,_1,k, or k,y1). In the presence of an exponential distribution of path lengths,
corresponding to a given elastic mean-free path (EMFP), the observed delay monotonically
decays from 71 + 75 to 7F1 (36). In the case of n = IMFP/EMFP elastic collisions, where
IMFP stands for the inelastic mean-free path, the total delay decays from 75! 4 n75% to 7F!
about n 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 effect of the
scattering delays cancel, such that the total delay becomes equal to the photoionization delay.

The MFPs of slow (< 50 eV) electrons in liquid water are extremely difficult to calculate
and no reliable experimental measurements exist, as summarized in (37). Therefore, we develo-
ped 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 liquid water (38). These DCS are used in a trajectory Monte-Carlo
simulation to uniquely determine the unknown EMFP and IMFP, required to describe electron
scattering event by event, from the two recent experimental measurements (39, 40). Details of

this procedure are given in Ref. (38). The relevant EMFPs (IMFPs) amount to 0.56 nm (3.8 nm)
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Figure 4: Contributions of photoionization and scattering to the measured delays. A, Sche-
matic representation of the potentials used in the TDSE calculations, B, total delays (7 ) for the
case of a single collision at a fixed distance (lines) and an exponential path-length distribution
with average r (symbols), C, 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.

and 0.84 nm (4.6 nm) for the two kinetic energies corresponding to SB14 and SB20, respecti-
vely. These MFPs are thus sufficiently large to cancel the scattering contributions to the total
delays (Fig. 4c).

We further verified this conclusion through a complete three-dimensional calculation, which

is described in Section 5 of the SM and implements all physical mechanisms shown in Fig.



3. Our model is based on semi-classical Monte-Carlo trajectory calculations, but includes the
phases and amplitudes derived from a quantum-mechanical treatment of photoionization, elec-
tron scattering, LAPE, LAES and transport in three dimensions, which were derived from our
earlier one-dimensional model (36). The Monte-Carlo trajectory calculations rely on accurate
complex-valued scattering factors obtained from ab-initio scattering calculations of electrons
with water clusters, for which convergence of the DCS has been observed with increasing clus-
ter size and they use the associated values of the EMFP and IMFP (38). More than 10® classical
trajectories were launched from at least 10® randomly selected initial positions with a momen-
tum of either k,_; or k,y1 (Where ¢ = 14 or 20 are realized in different sets of calculations).
The results of these calculations are given in Fig. S11. The contribution of electron scattering
during transport amounts to 0 to 6 attoseconds, depending on the depth from which the electrons
originate, which averages to ~2 attoseconds over all probed depths. Hence, these contributions
are negligible in comparison with the measured delays of ~50-70 as.

Having excluded the contributions from electron scattering and the near-field distributions,
we now turn to the photoionization delays. Figure 5 shows the calculated photoionization de-
lays of the isolated water molecule, a water pentamer, corresponding to one complete solvation
shell and a (H,0);; cluster, which possesses a partial second solvation shell. Details are given
in Section 6 of the SM. A tetrahedral coordination of each water molecule with an O-O distance
of 2.75 A, corresponding to the structure of liquid water, was chosen. The delays systematically
increase with the addition of solvation shells. The increase of the delay from H,O to (H2O)1;
amounts to 61 as at 21.7 eV and 30 as at 31.0 eV. These numbers compare well with the expe-
rimentally measured relative delays of 69420 as and 49+16 as (red box in Fig. 5), 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 controversial topic
(see, e.g., Ref. (4-7)), we studied the sensitivity of the delays to local structural distortions.
Using the most representative solvation structures identified in X-ray absorption spectroscopy
(4,12), we stretched one O-O distance in the water pentamer from 2.75 A to 3.50 A (blue ar-
row in Fig. 5) or rotated one water molecule by 50° around the central molecule. In the case of
(H50)11, the same operations were applied to one group of three water molecules attached to the

central one. Our measured delays are consistent with both the unperturbed tetrahedral coordina-
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Figure 5: Effect of the local solvation structure on photoionization delays. Calculated pho-
toionization delays for H,O, (H2O)5 and (H20O);;. The bottom two rows indicate delays obtai-
ned by stretching (blue arrow) or bending (green arrow) one hydrogen bond in the clusters.
(H50)1; was the largest entity for which fully converged delay calculations were possible with
a typical computational cost of 180 CPU days per calculation.

tion (see red box in Fig. 5) and with a single hydrogen bond being broken by stretching (dashed
red box), but not by bending. Photoionization delays therefore discriminate between stretched
or bent solvation structures, which yield indistinguishable X-ray absorption spectra (curves c
and e of Fig. 3A in (4)). Our measurements are thus consistent with a dominantly tetrahedral
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. These
sensitivities moreover motivate the application of attosecond interferometry to ice and super-
cooled water, which are structurally more or less homogeneous than liquid water, respectively.

We now return to the interpretation of the reduced modulation depths observed for the liquid
phase. Based on Fig. 5, these finite contrasts most likely originate from a distribution of local
solvation structures, which results in a distribution of photoionization delays. The superposition
of interferometric oscillations with a distribution of phase shifts will indeed result in a reduced
contrast of the interferometric oscillation. The larger sensitivity of the delays calculated at 21.7

eV (ranging from 110-157 as) compared to 31.0 eV (41-48 as) is consistent with the lower
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relative modulation depth of 0.17 4= 0.03 and 0.45 4 0.06, respectively. An additional possible
contribution to the reduced contrast comes from decoherence of electrons in liquid water. In the
case of the non-local pathways (see Fig. 3), the collisions taking place between photoionization
and LAES can cause decoherence of the propagating electron wavepacket, which would also
result in a reduced modulation contrast. Non-local attosecond interferometry therefore offers a
possible approach to measuring the loss of electronic phase coherence during electron transport
in matter.

The time delays determined in our work reflect the effect of the solvation environment on
1) the electronic structure of water molecules and ii) the multiple scattering of the outgoing
photoelectron. This assignment is confirmed by the dominant influence of the first two solva-
tion shells (i and i1) and the decrease of the solvation-induced delays with the kinetic energy
(i1). The measurement of photoemission time delays from liquids can thus be viewed as an atto-
second time-resolved, fully coherent, electron scattering experiment from within. Compared to
diffraction techniques based on external sources, it has the advantage of selectively probing the
immediate environment of the ionized species. Compared to X-ray spectroscopy it offers a tem-
poral 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 following
electronic excitation, relaxation or large-amplitude chemical dynamics. They additionally offer
the perspective of time resolving both local and non-local electronic relaxations in the liquid
phase, such as Auger decay, intermolecular Coulombic decay (41, 42) and electron-transfer-
mediated decay (43).

In conclusion, we have reported the extension of attosecond spectroscopy to the liquid
phase. Photoemission from the most weakly bound valence band of liquid water is delayed
by 50-70 attoseconds compared to the photoemission from the HOMO of the isolated mole-
cule. Detailed calculations indicate that the contributions of electron transport to the measured
delays are negligible and identify 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 pure liquid water, our
techniques are directly applicable to other liquids and solutions, thereby establishing the appli-

cability of attosecond spectroscopy to solvated species. This development has the potential of
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expanding attosecond science into the realms of chemistry, material science and biology.
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1 Experimental Setup

The experimental setup consists of an actively-stabilized attosecond beamline (45) and a photoe-
lectron spectrometer equipped with a liquid microjet (34). The APT is created by high-harmonic
generation of a ~1.5-mJ, 30-fs laser pulse centered at 800 nm in a gas cell filled with ~20 mbar
argon. The APT is subsequently separated from the driving IR field using a mirror with a
center hole, transmitted through a 100xm-thin metal foil (Ti or Sn), and recombined with the
attenuated IR field. The optical-path length difference of the APT and the IR field is scanned
with a piezo-electric stage and actively stabilized to ~20-as accuracy using combined white-
light and monochromatic-laser interferometers (for details, see (45)). The 800-nm laser source
used in these experiments was not carrier-envelope phase (CEP) stabilized. CEP stabilization
is not necessary because the time-delay information is extracted from the phase shift between
the simultaneously recorded side-band signals, which does not depend on the CEP. Liquid wa-
ter is delivered into the interaction region of the magnetic-bottle photoelectron spectrometer
through a cylindrical quartz nozzle with an inner diameter of 25 ym using a high-pressure
liquid-chromatography pump. NaCl is added to the water at a concentration of 50 mmol/L to
suppress electrokinetic charging and the jet is electrically grounded. A conically shaped perma-
nent magnet guides the photoelectrons into a 1-m long drift tube equipped with a solenoid. The
photoelectrons are detected by a microchannel-plate detector with a sub-ns response time. The

energy resolution of the spectrometer is 0.16-0.34 eV over the energy range studied here (34).

2 Data processing

The data processing is based on first interpolating the raw data onto an equidistant kinetic-
energy grid, then identifying spectral contributions from gas- and liquid-phase water for all
harmonic and sideband orders by fitting the delay-integrated spectra and finally extracting the

phases of their oscillations. These steps are explained in more detail in the following.

2.1 Conversion

The analysis of attosecond-interferometry scans starts with the conversion of the time-of-flight

axis to a kinetic-energy axis. The experimental data are subsequently interpolated to an equidis-



tant kinetic-energy grid. The Jacobi correction and the energy-dependent collection efficiency
of the spectrometer compensate each other in the kinetic-energy range above ~5 eV. This is

verified by the electron counts being consistent with literature cross sections.

2.2 Fitting of delay-integrated spectra

The XUV-only spectrum was fitted using principal-component spectra for liquid- and gas-phase
water from a monochromatized high-harmonic radiation source (35). One single principal com-
ponent represents the gas- or the liquid-phase water photoelectron spectrum generated with
XUYV radiation consisting of only one harmonic order. An overview of the measured principal

components and the corresponding fits is shown in Figure S1.
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Figure S1: Experimental single-harmonic spectra of gas-phase and liquid water generated
using odd harmonic orders 11-21 from a monochromatic high-harmonic radiation source
and their fits. The left panel shows the pure gas-phase photoelectron spectra obtained by
moving the jet out of the XUV focus. The panel on the right-hand side shows the photoelectron
spectra recorded with the jet in the XUV focus. Each filled curve corresponds to one principal
component used in the complex-valued fitting approach.



In a first step, the XUV-only spectrum containing liquid- and gas-phase contributions generated
with three dominant harmonic orders (odd orders 17-21 in the case of the Ti filter, odd orders
11-15 in the case of the Sn filter) was fitted. The individual principal components were shifted
along the kinetic-energy axis in order to account for day-to-day variations of the harmonic
frequency, convoluted with a Gaussian and scaled in intensity. The results obtained from the fit

are presented in Fig. S2a (and Fig. 2a of the main text).

In a second step sideband components were generated by shifting each principal component by
one IR photon energy (1.55 V) to higher kinetic energies, intensity scaling and adding it to the
XUV-only spectrum. Fitting the XUV+IR experimental spectrum is then performed by scaling
the single-components from the XUV-only spectrum and the sideband components. Additio-
nally the sideband components were also allowed to shift slightly in energy. The corresponding

fit is shown in Fig. S2b (and Figure 2a of the main text).

Finally, the difference spectrum generated by subtracting the delay-integrated XUV+IR spectrum
from the delay-integrated XU V-only spectrum was fitted as well using the components retrieved
from the fit of the XUV+IR spectrum. The advantage of the difference spectrum is the much
higher energy sensitivity and the straightforward assignment of spectral regions dominated by
the main photoelectron bands (negative contributions) and the sidebands (positive contributi-

ons). The corresponding fits are shown in Fig. S2¢ (and Fig. 2b of the main text).

2.3 Phase extraction

The last step consists in extracting the phase shifts between the oscillations of the liquid- and
gas-phase sideband spectra. For this purpose, the measured difference spectra (Fig. S3a) are
Fourier-transformed along the XUV-IR time-delay axis. The obtained complex-valued Fourier
transform, shown in Fig. S3b in terms of its power spectrum, is then itself subjected to the
principal-component analysis, which yields the desired phase shifts. The details of this proce-

dure have been described in Ref. (33).

Briefly, the complex-valued Fourier transform, shown in Figs. S3c and d is subjected to a non-

linear fit that keeps the amplitudes of the principal components fixed to their values obtained
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Figure S2: Illustration of the fitting procedure of XUV-only, XUV+IR and difference
photoelectron spectra. Circles represent data points, the solid lines account for the fit and
the filled curves indicate the single-harmonic spectra. Gas- and liquid-phase water contribu-
tions are labelled in the graphs. Exemplary fits are shown for delay-integrated a) XUV-only
spectrum, b) XUV +IR spectrum and c) the difference spectrum.

from the delay-integrated difference spectra, but multiplies each amplitude with a complex
value e?, where z = R(z) + i(2) is the fitting parameter. The principal components weighted
by these complex coefficients are then added together and fitted to the complex-valued Fourier

transform. The successful retrieval of the phase information contained in the Fourier transform



is visible in the perfect agreement between the data points and the fitted line over the entire

range of interest (Figs. S3c and d).

The complex number assigned to each principal component carries the information about the
phase shift of the corresponding oscillation, encoded in (z), whereas the oscillating fraction

of the component’s intensity is given by e%(*),

In this way, our analysis allows for a finite
modulation contrast, which was required to properly fit the measured data. The physical origin
of this finite modulation contrast is discussed in the main text. The oscillation amplitude of
a given principal component contributing to the Fourier transform is then given by Ae®(*),
where A is the amplitude of each principal component retrieved from fitting the delay-integrated
spectra (see section 2.2). In this way, the contribution of each oscillating component is fully
characterized in terms of its modulation contrast and its phase shift. An overview of these
results is given in Figure S3. Single-harmonic components present in the region of interest (17-
21 eV) are gas-phase sideband order 20, liquid-phase sideband order 20 and gas-phase principal
peak associated with harmonic order 21. The associated photoelectron peaks are dominated by
ionization from the 1b; band, however, the 3a; of the liquid component also plays a role in this
region. The phase is assumed to the constant over the entire single-harmonic spectrum, which
in the case of the gas-phase component is a valid approximation in the kinetic-energy region

under investigation (17). For the liquid component this assumption gave satisfying agreement

between fit and experimental data, which validates the assumption.

The relative modulation depth M, between the liquid- and gas-phase sideband peaks, reported

in the main text, can be directly inferred from the oscillating fractions of the peak amplitudes
em(zliq)

Mrel = m (1)

3 Delay statistics

Phases extracted from attosecond-interferometry scans are presented as histograms in Figure S4.
In the case of sideband order 14 a total of 13 scans were considered for the evaluation, in the
case of sideband order 20 a total of 27 scans. Gaussian distributions with mean values and
standard deviations determined from the distribution of experimental values are shown as a

guide to the eye in Figure S4 as solid lines.
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Figure S3: Exemplary determination of oscillation phases. a) shows the experimental RAB-
BIT trace in the form of difference spectra. b) shows the power spectrum of the Fourier-
transformed spectrogram in a). Integrating within the boundaries of the 2w-oscillation of the
Fourier transform gives a complex-valued array whose phase and magnitude are shown in c).
The phase data refers to the left axis and the amplitude to the right axis. Panel d) shows the real
and the imaginary parts of the complex-valued Fourier transform. Experimental data points are
shown as symbols in ¢) and d), whereas the result of the complex fit is represented as solid line.

A normal probability plot (46) was generated with the normplot function implemented in Mat-
lab in order to judge how well the experimental data resemble normal behavior. The results are
presented in Figure S5, where the straight line indicates the reference for a normally distributed
sample. For both sideband orders, the experimental data points nicely resemble the linear be-
havior in the normal distribution plot. These results imply that the experimental values can be
considered as normally distributed. The mean values, standard deviations and 95% confidence

intervals are summarized in Table S1.
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Figure S5: Normal probability plots for a) sideband order 14 and b) sideband order 20. The
red line indicates a normally distributed sample, the crosses represent data points. Systematic
deviations from the linear behavior of the normal sample indicate departures from normality.

\ mean delay / as  number of scans standard deviation/as 95% confidence interval / as

SB14 69 13 33 20
SB20 49 27 40 16

Table S1: Statistics of the phases retrieved from experimental RABBIT scans using Sn and
Ti filters.



4 Near-field distributions

In this section, we study the influence of the near-field distribution of the XUV and IR fields
within and around the liquid jet on the measured delays. These near-field distributions may con-
tribute a non-trivial phase shift to the observed side-band oscillations, which might erroneously
be interpreted as a delay, and must therefore be carefully examined. In what follows, we refer to
these contributions as ’geometric delays”. Geometric delays were determined from numerical
calculations based on Mie theory. Details can be found in Ref. (47). The calculation requires
the energy-dependent relative permittivities €; of the medium. The permittivities were extrac-
ted from Lumerical, a commercial-grade simulator based on the finite-difference time-domain
method (48), Ref. (49) and the refractive index data base (50) and are summarized in Table S2.

Representative real parts of the near-field distributions are shown in Figure S6 for the infrared

A/ nm €1 €9 ny k

IR 800.00 1.7662 3.32-1077 1.329 1.25-107"
HI3 61.54 0.5019 0.7510 0.8382 0.4480
H15 5333 0.5915 0.5416 0.8347 0.3244

Table S2: Permittivities ¢ = ¢; + i and refractive indices n = n, + ik entering the nume-
rical near-field calculations.

(800 nm) radiation and in Figure S7 for XUV radiation (harmonic order 13) for a jet with a
5 pm diameter. XUV and infrared radiation are both propagating along = and have an initial
polarization component along y. The jet cylinder axis is parallel to z. The images thus show

the cross section of the liquid jet indicated by white circles.

Relative propagation phases at each point of the grid can be directly computed from the near-

field distributions according to

kOl r — kO or — 2k, - r = arg(E4H)) — arg(£97)) — 2arg (&) 2)

Xuv xXuv xuv xuv

and are visualized in Figure S8. Here, £ is the complex-valued output electric field of the near-
field calculation, k is the wave vector and r is the distance. Thus, k - r is the propagation phase

of the corresponding field.

In order to retrieve the total geometric delays for the entire gas- and the liquid-phase, the relative

10
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Figure S6: Near-field distributions of the electric-field amplitude (real part of the electric
field as obtained from the Mie-solver) of the infrared radiation propagating along z for
polarization components along y (left), = (middle) and 2 (right). The cross section of the jet
(5 pm diameter) is indicated by the white circle, its cylindrical axis is along z.
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Figure S7: Near-field distributions of the electric field amplitude (real part of the electric
field as obtained from the Mie-solver) of the XUV radiation (harmonic order 13) propaga-
ting along x for polarization components along y (left), x (middle) and = (right). The cross
section of the jet (5 pm diameter) is indicated by the white circle, its cylindrical axis is along z.

propagation phases at each grid point have to be properly combined. An analytical expression

was derived based on the result of the second-order perturbation theory as follows. Considering

11



-3 -2 -1 0 1 2 3
[ T T T T T ™1 phase/rad

t

X/ pm
X/ pm
o

y/ pm y/ pm

Figure S8: Relative propagation phases according to (k%! — k% ! — 2k;.)-r = arg(E4! —

xXuv xXuv xuv

£l — 2&,) at each point of the grid for all three polarization components. The cross
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only geometric contributions (0¢,, = 0) the quantum path interference reads

Tuv

— kgt r i(6; ir'T ik e —i(6; ir'T
¢ (r) = |gq 1(r)| & ()] ey T oG tkirr) | ‘gqﬂ(r)‘ 1€ (r)] ik T o —i(Gir +Kirr) (3)

xuv xuv

The transition probability is then given by

lcq(r)]? =2 LM )] &4 )] €. (r)]? cos (26 — (k%) — k&) —2k;,)r)

Alr) B(r)
+ |EC )P & (r)]” + €L ()] )] e
B(r)

Assuming that the contributions from electrons originating from different generation points can
be added incoherently, the total transition probability as a function of the XUV-IR delay 0 is
obtained from the following summation over all near-field coordinates (x, y)

S lery wlz )t = 3 [2A<x,y> cos(26s — B(x.y) + Blery)| w(ey) )

T,y T,y

where w(x,y) is a weighting factor. For gas-phase regions of the near-field distribution, i.e.
where the distance d = /22 + y? to the center point is larger than the liquid-jet radius R, the

weighting factor takes into account the radially decreasing gas density,

(6)

12



For the liquid-phase regions, where d < R, the weighting factor reflects the electron-signal
attenuation as a function of the probe depth (in terms of the effective attenuation length, EAL)

according to

R— d(ﬂmy)) _ o

w(z,y) X exp (— EAL

Polarization components along = and y were combined in order to account for a total delay asso-
ciated with a p-polarized laser radiation, whereas the polarization component along z accounts

for s-polarized laser radiation. The summation of cosine functions with varying amplitudes can

be reformulated based on a trigonometric identity such that

D lewy - w(z,y)* = 24" cos (261 — Pueom) + > B(x,y) - w(w,y) (®)

x,y x,y
where

Al = Z A(l‘7 y)A(Uv U}) COS (¢<$, y) - ¢(U7 UJ))
T,Y,v,w
2 2
= Z A(x,y)cos(x,y)| + Z A(x,y)sin(x, y)] )
T,y z,Y

and

Dgeom = atan2 (Z A(z,y) sin(p(z,y)), Y Alz,y) cos(¢(z, y))) . (10)
Y Y

Thus, the total geometric delay is directly extracted from the near-field distributions after ma-
trix multiplication, summation and employing the atan2 function. The modulation depth M 1is
available as well from the amplitude A’ and the non-oscillating summands in equation 8 based
on the following relation

A

~ T Blay) - wley)

x?y

M

(11)

The results for both gas- and liquid-phase geometric delays as well as their relative delay for
various jet diameters are shown in Figure S9. The EAL was chosen to be 2 nm, in agreement

with Ref. (40).
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Figure S9: Geometric delays (blue) and corresponding modulation depths (red) as a
function of the jet diameter. The relative delay of liquid water with respect to gas-phase
water is shown as gray-filled diamonds.

5 Monte-Carlo Trajectory Simulations

We use Monte-Carlo trajectory simulations to estimate the contribution of electron scattering
during transport on the measured delays. During each collision, the system may absorb or emit
an IR photon, thereby changing the photoelectron kinetic energy (eKE). These processes induce
an additional (“non-local”) delay 7, that adds to the (“local”’) photoionization delay 77, i.e., the

measured delay is (36)
T=7"+ T (12)

We have previously investigated the behavior of 7,,; for a one-dimensional model and have
found that the results of the time-dependent Schrédinger equation can be reproduced with a
semi-classical trajectory-based model that includes photoionization, electron scattering, their
laser-assisted counterparts, as well as all relevant phases (36). Based on this physical insight, a
3D trajectory continuum model for the simulation of attosecond interferometry of liquid water

was developed to interpret the experimental results.
The model works as follows:

* Ionization: An ionization depth z < 0 is chosen randomly, from which a set of trajec-

tories is launched. Each trajectory is described by a polar angle # with respect to the

14



common XUV and IR polarization axis, chosen randomly from the probability distri-

LAPE

WAL (0)]? (defined below), and an azimuthal angle chosen randomly from a

bution |
uniform probability distribution. Each trajectory is randomly given a maximum path to

travel according to the probability distribution function

P(r)=—e "/ (13)

/rC
with r. = IMFP being the inelastic mean free path, i.e., the distance at which inelas-
tic scattering occurs such that the photoelectron loses enough energy to not be detected

within the relevant eKE range, i.e. the sideband width.

Scattering: For each trajectory, a distance is randomly drawn according to Eq. (13)
with . = EMFP being the elastic mean free path, and the positions of the trajectories are
updated. At this distance, elastic scattering is assumed to be happening, and the scattering

angles are drawn randomly from the distribution | /1455 (6, ¢)|? (defined below).

The procedure to simulate elastic collisions is repeated until the total path traveled by
a trajectory is longer than its initially set maximum path (then inelastic scattering is as-
sumed to happen and the trajectory is discarded) or until it reaches the water surface at
z = 0 (then the trajectory is detected if its polar angle relative to the z-axis is smaller than

the selected detector acceptance angle).

Interaction with the IR field: Each trajectory is in a state ¢— 1, ¢, or ¢+ 1, corresponding
to an eKE of (¢ — 1)w — E}, qw — Ey, and (¢ + 1)w — Ey,, respectively, where Ej, is the
electron binding energy of liquid water and w is the frequency of the assisting IR laser
field. ¢ is an even number. Half of the trajectories start in state ¢ — 1 and half in state
g+1, which simulates ionization with the XUV pulse that was produced by high-harmonic
generation with the help of the IR field (and that contains only frequencies that are odd
multiples of w). Due to interaction with the assisting laser field, the system can absorb or

emit IR photons during ionization and scattering, and can in this way reach state q.

IR-field-dressed photoionization amplitudes fAPE () (where LAPE stands for laser-

m-+n,m

assisted photoelectric effect) and scattering amplitudes fXAES (9 ¢) (where LAES stands

m+n,m

for laser-assisted electron scattering) are obtained from the field-free counterparts -5 ()

m+n

15



and Ein(é), respectively, within the soft-photon approximation (51-53). This procedure
was previously detailed in the one-dimensional case in Ref. (36). Here, we provide the

relevant formulae for the three-dimensional case. Explicitly,

in (/24w Em']$
fLAPE (0) — fPE (e)ezn( /2+ At)Jn ( 0) (14)

m-+n,m m+n UJ2

with wavevector of the ionized electron Em, amplitude vector of the IR field qu = (0,0, Fp)
(polarization directed along the z-axis), with offset At between the XUV pulse and the

maximum of the IR pulse, and with Bessel function J,, of order n of the first kind. Here,

LAPE

m-+n.m represents the amplitude for the transition from state m-+n to state m. The present

experiments are carried out in a parameter regime where only single-photon transitions

are relevant, hence n = 0, 1.
Similarly, the laser-dressed scattering amplitude from state m + n to state m is

(Fo ) - Fo

w?

fLAES (0’ gb,@,) _ fEin(ﬁ)ein("ﬁ—l-wAt) Jn

m—4+n,m m

(15)

with wavevector of the incoming electron /ngrn, wavevector of the outgoing electron Em

fLAES

and with polar scattering angle relative to the incoming electron ¥. f,-3:

depends on
the polar angle of the incoming direction ¢’ and the polar and azimuthal angles of the

outgoing direction 6, ¢ in the lab frame.

Importantly, and in contrast to previous simulations of attosecond experiments in conden-
sed matter, the trajectories carry a phase. During ionization and scattering, each trajectory

can randomly change its state according to the total probabilities for a process determi-

ned from the amplitudes f1AYF and f1APS | respectively. Then, the phases arg fL40F
or arg #ﬁ%sm are added to the phases of the trajectories. If a trajectory would end in state

q— 2 or ¢+ 2 after ionization or scattering, it is discarded, because only trajectories ending
in sideband ¢ are detected and the probability for changing back to state g if trajectories

are in state ¢ £ 2 is negligible.

During propagation to the next position, a phase k,,r is added for the trajectory being in

state m and travelling a distance r to the next collision (or to the water surface).

16



* Detection: The second-order amplitude of the detected side-band state is computed as

coherent sum over the trajectories that reach the water surface at z = 0 in state g, i.e.,
My
9 .
AL = e (16)
k=1

where M is the number of trajectories counted as detected (i.e., escaping the liquid within
the detector opening angle) for a given starting depth z;. Then, the total side-band popu-
lation is obtained as an incoherent sum over the wavefunctions originating from different

starting depths (i.e., for electrons ionized from different positions within the sample),

M
pPAY =3l (ADP, (17)
I

where N is the total number of trajectories started at a given initial position z;. The
population pff)(At) is fitted to a cosine to obtain the delay. Typically, the number of
trajectories for a given ionization depth is N; ~ 2.5 x 10%. In Fig. S11, the determined
delay for a fixed starting depth with ca. this number of trajectories is shown. The accuracy
decreases with increasing starting depth because a smaller number of trajectories reach
the surface. This is of minor importance for the accuracy that we are aiming at, provided
that sufficiently many initial positions are sampled. Figure S10 shows the convergence of
the delay with respect to the incoherent average over the ionization depths. Depending on
the parameters, about 10° runs are necessary to converge the result. We use importance
sampling where the ionization depths are chosen according to an exponential distribution
e*/* (note that z < 0) with 2z, = 5 nm, because the contributions of trajectories to the

final delay decrease with increasing depth |z| due to inelastic scattering.

The field-free photoionization amplitudes f-=(#) are obtained from our calculations of small

water clusters as mentioned in the main text. We use (54)
[ fr ()] o< 1+ BPy(cos 0) (18)

with the second-order Legendre polynomial P, and asymmetry parameters 5 = 0.6 for simula-
tions of sideband ¢ = 14 and 8 = 1.1 for simulations of sideband ¢ = 20. The ionization phase

arg fPE(0) was set to zero for all states m, which corresponds to setting the ionization delay 77
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Figure S10: Convergence of the delay with the number of starting depths that are used
in the incoherent average in eqn. (17). Those starting depths are chosen according to an
exponential distribution with a width parameter of 5 nm for all calculations. For the calculation
EMPF = 0.4nm, (Ng,) = 11, for example, we find that starting depths only up to ca. 3 nm
have a significant contribution to the final delay.
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to zero. Consequently, the trajectory simulation yields only the non-local contribution 7, to the

measured delay.

The field-free scattering amplitudes f25(6) are obtained from calculations of electron scatte-
ring at water clusters with the program Quantemol 4.9.5 (55). Quantemol uses the R-matrix
method to calculate scattering wavefunctions for electron collisions. We use Hartree-Fock the-
ory and a minimally augmented maug-cc-pVDZ Gaussian-type basis set, because tests with
configuration-interaction wave functions and larger basis sets yielded only negligible impro-
vements. The nuclear configurations for the water clusters were chosen to be those obtained
from ab-initio calculations (56) with lowest energy. The differential scattering cross sections
(DCS) for the monomer compare well with experimental measurements and the DCS also con-
verge rapidly with cluster size, as explained in (38). Hence, we use the calculations for the

water heptamer cluster as approximations for scattering in bulk water.

From Quantemol, we obtain both the DCS | f¥5 (1) |? as well as the scattering phases arg (f25(1))
for eKE corresponding to all relevant states m. The kinetic-energy dependence of the scattering
phases is responsible for a scattering delay, which is found to contribute to the non-local delay
Tn. However, our Monte-Carlo calculations show that 7, is very small in our case, such that

the contribution of 7, is not significant for the results presented in this article.
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Figure S11: Dependence of the non-local delay on the depth of the ionization site below the
surface.
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The values for the elastic and inelastic mean free path, EMFP and IMFP, are determined as

described in (38). For the analysis of the calculations, the mean number of elastic scatterings

IMFP
EMFP

<Nela> = (19)

is found to be more useful than the IMFP. The default values assumed for the calculations
presented here are EMFP = 0.40 nm, (N,j,) = 11 for sideband ¢ = 14, and EMFP = 0.55 nm,
(Nea) = 9 for sideband ¢ = 20. We note that those were preliminary values, with more
accurate values determined later as EMFP = 0.56 nm, (N,,) = 7 for sideband ¢ = 14, and
EMFP = 0.84 nm, (N,,) = 6 for sideband ¢ = 20 (38). However, we did not repeat the
expensive calculations because the dependencies of the non-local delay on EMFP and (Nj,)
presented here illustrate that not much difference is to be expected: If those more accurate
values were used, the already negligible estimated contribution of ca. 2 as to the total delay will

decrease slightly, e.g. by ca. 0.5 as for sideband 14 (see Figure S10).

Figure S11 shows the dependence of the obtained 7, on the depth of the ionization site below
the water surface for sideband 14 and sideband 20. To obtain this figure, 7,,; was determined
from \cg(At) |? from (16) for a given ionization site at depth z;. While the delay increases with
distance from the surface at z = 0, the contribution of pff) (At) to the total delay also decreases
due to increasing probability of inelastic scattering that removes the trajectories from the signal,

i.e., the factor M;/N; in eqn. (17) decreases with the distance from the surface.

In Figure S12, the dependence of the non-local delay 7,,; on the EMFP for fixed (/N,,) and on
(Nea) for fixed EMFP is presented for the case of sideband 14. For fixed (/Nj,) we observe a
behavior similar to what is found in the one-dimensional model of (36), i.e., 7,,; decreases with
the EMFP. This decrease can be attributed to a combination of the oscillatory dependence of 7,
on the scattering distance (see Fig. 4 of the main text and Ref. (36)) as well as the effect of the

averaging over scattering distances.

For fixed EMFP, there is little dependence of 7,,; on the average number of scatterings (V).
From the 1D model of Ref. (36), we expect that for small values of the EMFP, there is an incre-
ase of 7,,; with (N,,). This is indeed the case, as we verified with complementary calculations

where averaging over the distribution of the IMFP was done after the simulation. However,
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Figure S12: Left: Dependence of the non-local delay on (N,) for a fixed EMFP = 0.4 nm.
Right: Dependence of the non-local delay on the elastic mean free path (EMFP) for a fixed
average number of elastic scatterings (Ne,) = 11.

this increase is small and, for the EMFP of sideband 14, only relevant for (Ng,) < 4. For
larger (Nga), T changes little, as shown in Figure S12. We attribute this to loss of the phase

relationship that is needed for 7, due to scattering in 3D.

This loss of phase relationship is also one of the reasons for the small magnitude of 7,,;. Com-
pared to 1D, in the 3D simulations there is the additional effect that trajectories scattering into
different angular regions have a different path length to the surface, while in the 1D model the
total path length for the added trajectories is always the same. As 7, relies on certain phase
differences, for 3D we expect it to be small if the differential scattering cross section (DCS) is

broad. For the considered eKE, the DCS is indeed relatively broad, as shown in (38).

Hence, 7, may become a more relevant contribution to the total measured delay for higher
eKE, when the DCS becomes narrower and when (N,,) is smaller, although there is a com-
petition with the longer EMFP found for higher eKE. Finally, we also note that our trajectory
model relies on an asymptotic approximation because each scattering is described by a scatte-
ring amplitude that is only valid for an incoming plane wave and an outgoing spherical wave
considered at infinite distance. As less coherence can be expected if 3D model potentials with
multiple randomly distributed scattering centers are considered, our estimate of the non-local

delay can be viewed as an upper bound for the true non-local delay.
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6 Calculations of photoionization delays

The photoionization delays have been calculated following the procedure introduced in Ref.
(23). The experimental equilibrium geometry of the water molecule has been used. The cluster
geometries were constructed on the basis of a tetrahedral coordination geometry with O-O dis-
tances of 2.75 A, corresponding to the first maximum in the pair-correlation function of liquid
water. The electronic-structure calculations have been performed using the Gaussian09 program
package using the Hartree-Fock method and the cc-pVTZ basis set. The photoionization ma-
trix elements were calculated with the program ePolyScat (57,58) using an angular-momentum
basis up to 1,,.x=50 to achieve converged results even for the largest water cluster (H,O)11).
The photoionization delays have been determined from the photoionization matrix elements

following the formalism of Ref. (23).
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