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The initial stages of the evolution of an electron injected into bulk water (at 300 K) and into
thin water films (1-4 monolayers) adsorbed on a Pt(111) substrate at 50 K are investigated.

It is shown that for electrons injected into bulk water with an initial translational kinetic
energy between 1.54 and 6.18 eV (i.e., subexcitation energies), the electron momentum
time-correlation function (p(0)p(¢)), decays to zero on a time scale of less than 1 fs,
reflecting strong backscattering of the electron by the water molecules. On this time scale the
electron propagation in the medium is dominated by elastic processes. Furthermore,

during this initial stage the system is well represented by a static aqueous medium.
Transmission of electrons injected into thin films of adsorbed water is also dominated by
elastic scattering. The dependence of the electron transmission probability on the film
thickness and the initial injection energy are in accord with recent experimental results of

photoinjected electrons into adsorbed water films.

I. INTRODUCTION

Injection of an electron into water is an example of a
general class of processes in which a fast charged particle
penetrates a dense medium.! The particular case of an elec-
tron and water is of special interest in view of recent
experimental’™ and theoretical®® advances in the study of
the dynamics of electron solvation in water. In such exper-
iments the (excess) electron is formed by photoionization
of a water molecule and is ejected into the aqueous medium
with an energy of a few eV. The solvated electron is formed
after a series of relaxation phenomena on a time scale of a
few hundred fs. Subsequent time evolution may lead to
recapture of the solvated electron by the parent ion** and
the yield of this process depends on the average distance
traveled by the electron until it becomes solvated.® Thus, it
has been argued?® that the recombination yield is larger in
H,O0 than in D,0O because of the larger distance travelled in
the latter due to smaller efficiency of energy transfer from
the fast electron into the softer O-D vibrations.

A similar class of processes involves photoemission at
the metal insulator interface, where light absorption in-
duces the emission of fast electrons from the metal into the
insulator. Photoemission into water has been studied by
several workers.”!°

A recent experimental study by Gilton ez al.'° demon-
strates a new and interesting way to look at transmission of
fast electrons through adsorbed water, or xenon, layers. In
this experiment several monolayers of water (or xenon)
are deposited on Ni (111) at 50 K. A layer of CH;Cl
deposited on top of the insulator layer is used to detect
transmitted photoelectrons, which cause fragmentation of
this molecule. Monitoring the CHj; signal as a function of

*On leave from Tel Aviv University.
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the spacer (water or Xe) thickness and photoelectron en-
ergy, yields information about the electron transmission
process.

There are several fundamental questions associated
with the processes described above:

(a) What is the time scale associated with the initial
stage of the electron propagation through the condensed
insulator? In the particular experiment of Gilton ez al.'° we
may ask on what time scale do we expect the electron to go
through the water (or Xe) film, given the film thickness
and the electron energy?

(b) What is the nature of the electron transport
through the disordered condensed medium during the time
scale of interest? Is the transport coherent or diffusive in
nature?

(c) What is the nature of the collision processes which
dominate electron propagation through the medium? Are
these primarily elastic or inelastic? What is the time scale
for energy transfer between the electron and the medium
and what are the solvent modes which are the primary
acceptors of the electron energy (i.e., energy dissipation
channels)?

(d) How does the electron transport process depend
on the nature of the solvent phase (i.e., water vs xenon,
and H,0 vs D,0), on the electron-solvent interaction, and
on the initial electron energy?

Of particular interest is the process of energy transfer
between the electron and the solvent. In water the process
is complete after about 0.5 ps,”> however the electron ap-
pears to be localized already after ~0.1 ps.> Gilton et
al.’® have interpreted their observed dependence of the
electron transmission signal on the water layer thickness in
terms of efficient inelastic scattering and energy loss, lead-
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ing to substantial amplitudes of near zero energy states
after going through two monolayers of water. Measured
total collision cross sections for electron scattering from
H,O molecules in vapor!' are in the range of 15-20%
10~ '8 cm? and the inelastic contribution to this value were
estimated to be less than 110~ '® cm?.!>"15 No data are
available for the magnitude of energy loss per inelastic
collision but it appears that inelastic scattering cannot ac-
count for a total loss of the photoelectron energy after
going through two monolayers of water.'®

Theoretical calculations of the transport of fast elec-
trons through condensed insulating phases usually use sto-
chastic approaches based on multiple isolated collisions
(e.g., Boltzmann equations).!” For lower energy subexci-
tation electrons (having an energy below the ionization, or
electronic excitation, threshold for the medium), the va-
lidity of such a description is not clear (even though it was
used in several recent works!*"1>181%) One way to justify a
classical stochastic picture of the electron energy degrada-
tion process is to assume that the quantum mechanical
phase is efficiently randomized by quasi-elastic interac-
tions. This assumption is implicit in the formalism put
forward by Fano and Stephens®® to describe incoherent
energy loss by subexcitation electrons.

In this paper we take a different approach to the prob-
lem of electron transmission through water and water films
by focusing on the initial stage, i.e., the first few femtosec-
onds, of the electron’s time evolution, following its injec-
tion into water. This time evolution is found by direct
solution of the time-dependent Schrédinger equation for
the electron, with the water molecules treated classically.
Our results indicate that: (a) momentum relaxation is very
fast, i.e., the electron momentum correlation function
nearly vanishes after ~0.5 fs (b) Energy transfer to the
water medium is relatively slow; practically no energy
transfer occurs on a time scale of 1 fs. (¢) On the time
scale of electron transmission through thin (a few mono-
layers) water films the water dynamics does not apprecia-
bly affect the electron motion, and the main features of the
process may be obtained in a model where the electron
interacts with a film of static water molecules. In this con-
text, we note that the time span considered in this study is
much shorter than the time scales associated with the dy-
namics of electron solvation in water. As has been dis-
cussed elsewhere,®’ the dynamics of electron solvation is
characterized by (at least) two time scales, the shorter of
which, associated with librational motion of the water mol-
ecules in the immediate vicinity of the excess electron, oc-
curring in 20-30 fs.

In the next section we describe the system and the
method of calculation. In Sec. III results for the electron
evolution in bulk water and transmission through thin wa-
ter films are presented and discussed. We conclude in Sec.
1v.

Il. MODEL AND METHODS

Our model of bulk water consists of 256 classical water
molecules contained in a cubic box (edge length = 37.28
a.u., i.e., a density of 1 g/cm’) with periodic boundary
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conditions. For frozen bulk water simulations we have
used a system 8 times larger (twice the linear size of the
calculational cell). Temperature (300 K for bulk water, 50
K for the water films simulations) is controlled by the
stochastic collision method.?! Intermolecular and intramo-
lecular interactions are given by the RWK2-M model?
(which includes intramolecular dynamics of the water
molecules) and the electron water pseudopotential is that
developed by Barnett et al.>* and used extensively in recent
studies of excess electron in water and in water clusters.”?*

The time evolution of the electronic wave function is
obtained using the quantum-classical time-dependent self-
consistent field approximation (TDSCF),”>?7 using the
split operator FFT technique.’>*® The velocity Verlet al-
gorithm?! is used for the dynamical evolution of the clas-
sical degrees of freedom, which are coupled to the electron
via the expectation value of the electron—molecule interac-
tion potential, evaluated for the instantaneous electronic
wave function.

The adsorbed water films were prepared in the follow-
ing way: First, three layers consisting of 72 Pt atoms per
layer were positioned to form the (111) surface of plati-
num (lattice constant g = 7.408 a.u. and nearest-neighbor
distance d,,, = 5.238 a.u.). The initial configuration of the
first monolayer of water molecules adsorbed on the static
Pt(111) surface is obtained by setting 48 water molecules
on the Pt(111) surface in an ordered configuration with
the oxygens located above Pt atoms, forming a bilayer
homeycomb lattice.? This initial structure is chosen in ac-
cord with available data on this system.”> Subsequently,
the system is evolved, using the H,O-Pt potential con-
structeg by Spohr and Heinzinger,’® at 450 K for 8 ps,
cooled to 50 K over a period of 1 ps and equilibrated at 50
K for an additional 2 ps, to allow relaxation of the adlayer
structure. Subsequent water layers are formed by first add-
ing 48 water molecules above the previous layer (at 7 a.u.
above the average height of the oxygens), followed by re-
peating the dynamical relaxation procedure described
above.

Figure 1 shows a snapshot [viewed from above, and
from the side in 1(a) and 1(b), respectively] of the result-
ing equilibrium structure of one water layer adsorbed on
Pt(111) at 50 K. It is seen that the bilayer honeycomb
hydrogen-bonded lattice persists though some dislocations
can be seen. In addition we note the two characteristic H,O
molecular configurations which occur in this structure; one
in which both OH bonds of an H,0 molecule point slightly
upward (i.e., forming an angle <90° with respect to the
surface normal) and thus participating in hydrogen bond-
ing to neighboring molecules, and the other where one of
the OH bonds points slightly downwards (participating in
hydrogen bonding) and the other OH bond oriented al-
most along the normal direction.

Figure 2 shows similar snapshots for two adsorbed wa-
ter layers, demonstrating that at this coverage the ice-like
structure of the adsorbate is quite open, i.e., exposing a
significant fraction of the underlying metal substrate at-
oms. At higher coverages the structure of the added water
is less ordered (both laterally and orientationally“), with
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FIG. 1. Snapshot of the equilibrium structure of one layer (48 molecules)
of water adsorbed on a Pt(111) surface at 50 K, viewed from above in (a)
and from the side in (b). The static Pt substrate consists of three crys-
talline layers, with 78 atoms/layer (large balls). The oxygens are depicted
by the dark medium balls and hydrogens by the smallest balls. Note the
almost perfect hexagonal bilayer structure of the adsorbate and the two
distinct configurations of the water molecules (see the text).

substrate atoms not exposed, as can be seen from Figs. 3
and 4, corresponding to 3 and 4 water adlayers, respec-
tively. The distributions of distances between the oxygen
and hydrogen atoms and the surface metal atoms, for the
various water coverages (1—4 layers of water adsorbed on
Pt(111) at 50 K), are shown in Fig. 5. Note that in Fig.
5(a) the bilayer structure of the interfacial water is
smeared due to fluctuations, while the distinction between
OH bond orientations is clear, as seen in Fig. 5(b).

An attempt to solve for the full quantum dynamics of
an electron very close to a metal surface involves the com-
plicated issue of the dynamical electron-metal interactions.
In the present study we limit ourselves to the role played
by the electron-water interaction only. Thus, once the wa-
ter film was prepared in the manner described above, the
metal does not influence the propagation of the electron,
and electron transmission and reflection are studied for
electrons penetrating the film from the “metal side”. While
this simulation is not expected to yield quantitative results
for comparison with the actual experimental-data,'® it is
adequate for addressing some of the issues raised in Sec. 1.

The initial conditions for the quantum simulations are
as follows: (i) For simulations of excess electron propaga-
tion in bulk water the injected electron is represented ini-
tially by a Gaussian wave packet with a specified width and
initial momentum, centered about a preexisting cavity, e.g.,
the location of the center of the ground state distribution of
an excess electron, found in a separate calculation for the

FIG. 2. Same as Fig. 1, for two water layers adsorbed on the Pt(111)
substrate at 50 K. Note the ice-like structure, exposing substrate atoms in
the middle of the overlayer hexagons.

same (neutral) water configuration. This choice of initial
conditions was made, since a random position may result
in a very high initial potential energy if the electron wave
packet overlaps the core of an oxygen atom. (ii) For the
water film simulations the electron is started as a one-
dimensional Gaussian, i.e., a Gaussian wave packet in the
z (film normal) direction with given initial width and mo-
mentum, multiplied by a constant (zero momentum) func-
tion of x and . The center of the Gaussian is located on
a surface atom in the topmost layer of the substrate. With
reference to this position as the origin (z = 0), the edge of
the first water layer of the adsorbed film (average position
of the nearest oxygen plane) is located at =~ = 4 a.u. [see,
e.g., Figs. 4(b) and 5(a))].

For pure classical dynamics simulations the integra-
tion time step used was 2.5X 10~ s, while for the mixed
quantum-classical evolution the classical time step was 5
%X 107! s. The quantum evolution of the electron in the
bulk water simulations is obtained using a grid of 16°
points with a grid of spacing 2.33 a.u. In the simulations of
electron propagation in frozen bulk water we have used a
grid of 32° points with the same grid spacing as above. For
the water film simulations the grid is 16X32x 128 with
grid spacings Ax = 2.2681 a.u., Ay = 14732 a.u. and
Az = 2.0 a.u. (z is the film normal). The quantum propa-
gation time step was 1.0365x 10~ 1% s,

Having described the pertinent details of the simula-
tion method and of the systems’ preparation procedures,
we turn in the next section to a presentation and discussion
of our results.
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FIG. 3. Same as Fig. 1, for three water layers adsorbed on the Pt(111)
substrate at 50 K. Note the more disordered nature of the third layer, and
the almost complete lack of exposure of substrate atoms (compare to Fig.
2).

Hl. RESULTS AND DISCUSSION

A. Bulk water

The first stage of the time evolution of the electron can
be characterized by the average position (z) of the
electron distribution, the average momentum {(p,), the
overlap of the initial state ®(0), with &(2),
C(1)=|(®(0)|® (#))|> and the width of the electron
distribution V() — {r)? [where ( ) denotes the expec-
tation value with respect to ¢(¢)], which are displayed in
Figs. 6(a)-6(d). In these figures we compare results ob-
tained using full TDSCF dynamics for both the water and
the electron with those obtained by keeping the water con-
figuration static and evolving the electron in this static
water configuration, and for two values of the initial mo-
mentum, p,(0), of the wave packet (solid and dashed
lines). The starting point in both cases (dynamic and static
water) is a randomly chosen configuration for the water,
and a Gaussian wave packet of width
0 =0,=0,=0,=1.695 a.u. for the electron [localization
energy €, = 3#/(8ma?) = 3.55 eV]. This wave packet is
centered initially in that preexisting cavity in the water
configuration which accommodates it with the lowest po-
tential energy of interaction with the water. The wave
packet carries an initial momentum in the z direction. Two

FIG. 4. Same as Fig. 1, for four water layers adsorbed on the Pt(111)
substrate at 50 K.

values were used: p,(0) = 0.674 16 a.u. and
p,(0) =0.337 08 a.u. [p,(0)>/2m = 6.18, and 1.54 eV, re-
spectively].

Figure 6(a) shows the time evolution of (z) and (p,),
Fig. 6(b) displays the time evolution of C(¢), and Fig.
6(c) the time evolution of the widths. The most important
observation here is that for the time scale shown, differ-
ences in the above quantities, characteristic to the electron,
obtained for either propagation in static or dynamic aque-
ous media are nonresolvable; i.e., the evolution of the elec-
tron is not affected by the dynamics of the water molecules,
in the femtosecond time scale. This point is emphasized in
Fig. 6(d), where we plot against time (for both values of
initial momentum) the overlap | (®(¢) | P,(2)) |2 between
the electronic wave function (®,) obtained with the full
water dynamics, and that (P,) corresponding to electron
propagation in the static water structure. As seen the over-
lap remains close to unity throughout the 1.3 fs evolution,
for both values of initial momentum. The near invariance
of the results, obtained via the two procedures, provides an
a posteriority justification for the use of the TDSCF ap-
proximation in the dynamic calculation.

This observation also implies that on the time scale
discussed, energy transfer from the electron to the water is
negligible. This is indeed seen in Fig. 7, where the electron
energy as a function of time is shown [for p,(0) = 0.674 16
a.u.]. It should be noted that these results are valid only for
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FIG. 5. Number distributions vs distance from the surface (z) of the
oxygens (a) and hydrogens (b) of water molecules adsorbed on a
Pt(111) substrate at 50 K, for four different coverages (1 layer = 48 H,0
molecules). The origin is taken at the center of the Pt atoms in the
topmost layer of the crystalline substrate. Note the bimodal distribution
of the molecular hydrogens (in b, most clearly seen for 1 and 2 layers)
reflecting the distinct molecular configurations mentioned in the text.

initial electron energies lower than the threshold® (~7.4
eV) for electronic excitation of the water molecule. In view
of the large mass disparity between the electron and the
atomic constituents of H,O we do not anticipate that our
conclusions be modified by quantum treatment of the sol-
vent.

Further information about the short time evolution of
an electron wave packet in bulk water is given in Figs. 8
(a)-8(c) which were obtained in a frozen water simula-
tion. In Fig. 8(a) the average position {z) as a function of
time is shown for a Gaussian wave packet starting with
0,=0, =0,=1.695 a.u. and an initial p,(0) = 0.5056 a.u.
(corresponding to a total kinetic energy 7.52 eV divided
about equally between localization and translational en-
ergy). Also shown is (z), the position of the same wave
packet evolving in free space. In Fig. 8(b) we show similar
results for the width of the wave function, 0,{¢) and o,
showing that on the time scale considered, this quantity
increases in the water almost as fast as for the free particle;
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FIG. 6. Short-time (1.3 fs) evolution of an electron in bulk water. Results
are given for two initial momenta of the Gaussian wave packet represent-
ing the electron [p,(0) = 0.674 16 a.u. (solid lines) and 0.337 08 a.u.
(dashed lines)] corresponding to translational energies of 6.18 and 1.54
eV, respectively. (a) Expectation value of the momentum in the propa-
gation direction ({p,), left axis), and the position expectation value ({z),
on the right axis), vs time. (b) Magnitude squared of the overlap of the
initial wave function ®(0) with that at time ¢, ®(z), vs time. (c) Width
of the wave functions vs time. The width of the wave packet propagating
in free space is shown for comparison (dotted line). (d) Magnitude
squared of the overlap of the electronic wave functions vs time for elec-
tron propagation in static (®,) and dynamic (®,) bulk water. The results
in (a), (b), and (c) are for electron propagation in static and dynamic
(i.e., full TDSCF) water, which are indistinguishable. All quantities are
in atomic units (a.u.) and time in fs.
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FIG. 7. The electronic energy E,, for an electron with an initial momen-
tum p,(0) = 0.674 16 a.u. (i.e., translational energy of 6.18 eV), propa-
gating in static (dashed) and dynamic (solid) bulk water vs time. Note
the very small change in the electronic energy (for propagation in the
dynamic aqueous medium) over the 1.3 fs time span.

significant departure of the two quantities occurs only for ¢
> 1 fs. Also displayed is o, for the electron propagating in
water, showing that the spread of the wave function nor-
mal to the propagation direction is somewhat smaller than
o,. This difference between o, and o, develops before the
average momentum relaxes, for £ <0.5 fs [see Fig. 7(c)].

Another view of the momentum relaxation of an in-
jected electron into bulk water is seen in Fig. 8(c) which
displays the decay of the momentum time-correlation
function C,(#) =(®(¢=0) |2 (0)2(2) |® (¢=0)) [divided
by (p(0)?)] where p(r) =epe ~ ', For the chosen initial
state the characteristic decay time is of the order of 0.5 fs,
indicating strong scattering of the electron by the water
molecules. This characteristic time depends on the initial
state.

B. Water film

Figure 9(a) displays the integrated outgoing electron
current in the z direction, at z = 28 a.u., as a function of
time, starting from a one-dimensional Gaussian wave
packet (o, = 2.5465 a.u., corresponding to a kinetic en-
ergy of localization of 0.52 eV) centered initially at z=0
(i.e., at the topmost “metal plane”). The initial momen-
tum of the injected electron is p,(0) = 0.589 05 a.u. (cor-
responding to a translational kinetic energy of 4.72 eV).
Shown are results for films of 1 to 4 layers of water mole-
cules. Similar results for the reflected integrated current at
z= — 6 a.u. are shown in Fig. 9(b) (Note that at # —» o,
for the present frozen water simulation, the two integrated
currents should sum up to 1). Results obtained starting
with a three-dimensional Gaussian wave packet (o, =0,
=0,=2.5465 a.u; p,=p,=0 and p,=0.589 05 a.u.) are
only weakly dependent on the starting point in the x,y
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FIG. 8. Electron propagation in bulk water, with an initial momentum
p.(0) =0.5056 a.u. (solid lines). Also shown (dashed lines) are the cor-
responding quantities for propagation of a free electron with the same
initial width and momentum. Shown versus time are: (a) the position
expectation value (z); (b) the width of the electronic wave function o (),
decomposed into components along (o,) and normal (o,) to the direction
of the initial momentum; (c¢) the momentum time-correlation function
(P(0)P(1))/{P(0)?). All quantities are given in a.u., and time in fs.

plane and are almost identical to those obtained using the
one-dimensional initial Gaussian. However, both the trans-
mission and reflection probabilities depend strongly on the
initial translational energy as is seen in Fig. 9(c). Here the
time evolution of the integrated outgoing electron current
at z=128 a.u. is shown for two film thicknesses, corre-
sponding to 1 and 3 layers of adsorbed water and for two
different initial conditions: p,(0) = 0.58905 a.u. and p,(0)
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FIG. 9. Electron propagation through adsorbed water films. Integrated
current I(¢) vs time for an electron represented by a one-dimensijonal
Gaussian wave packet centered initially at z =0, i.e., on the topmost
metal plane [with initial momentum p,(0) =0.589 a.u. and width o,
= 2.5465 a.u., corresponding to an initial translational kinetic energy of
4.72 eV and localization energy of 0.52 eV]. (a) I(#) for different thick-
nesses of the adsorbed water films, at z=28 a.u. (b) /(¢) atz= — 6 a.u.
(i.e., reflected current). (c) I(2), at z = 28 a.u. for electron propagation
through adsorbed films corresponding to 1 and 3 water layers, for two
values of the initial momentum, p,(0) = 0.589 a.u. (solid lines) and 0.295
a.u. (dashed lines), corresponding to initial translational kinetic energy of
4.72 and 1.2 eV, respectively. Time in fs.

= 0.294 53 a.u. (translational kinetic energies 4.72 and 1.2
eV, respectively). g, is, as before, 2.5465 a.u.

Finally, in Fig. 10, we summarize the thickness depen-
dence of the asymptotic (taken at = 5 fs) electron trans-
mission probability for the two injection energies. Both the
thickness dependence and the initial energy dependence are

=
=
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FIG. 10. Summary of the integrated transmitted electron current I(z), vs
the number of adsorbed water layers, for t = 5 fs at z = 28 a.u. Results are
shown for two initial momenta of the injected electron, p,(0) = 0.589
a.u. (circles) and p,(0) = 0.259 a.u. (squares).

in good qualitative agreement with the observations made
by Gilton et al.!®3* It is seen that on such time scales and
for such film thickness, elastic electron scattering from es-
sentially static water molecules can account for the gross
features of the total transmission probability.

IV. SUMMARY AND CONCLUSIONS

The penetration of a subexcitation electron into water
is followed by a succession of relaxation phenomena which
eventually lead to the formation of the fully solvated elec-
tron. The final stages of this process are being unravelled
by current experimental and theoretical work.>® In the
present paper we have focused on the very initial stage of
this process exploring time scales of the order of 1 fs where
the electron propagation is well represented by the corre-
sponding process in a frozen water environment. This time
scale is relevant for the (essentially elastic) scattering of an
electron from, and its transmission through, adsorbed wa-
ter layers. On this time scale the electron momentum cor-
relation function practically relaxes to zero, the character-
istic relaxation time is 0.5 fs, indicating strong
backscattering of the electron by the water molecule.

Our studies of the transmission of injected electrons
through films of water molecules created to mimic the
structure of deposited water layers on Pt(111) at 50 K,
indicate that the transmission of subexcitation electrons
through such thin (1-4 layers) water films is dominated by
elastic scattering. The thickness and energy dependence of
the transmission probability which we calculated are in
qualitative agreement with recent experimental results.'®
We conclude that the dynamics of the water molecules is
not an essential ingredient in determining total transmis-
sion probabilities under the specified conditions. Obviously
other experimental observables (such as energy resolved
transmission probabilities of electrons injected into
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adsorbed water films) would enable investigations of in-
elastic processes, and thus probe the molecular dynamics
of adsorbed water layers.
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