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Electron-pulse probing of fast laser-induced processes has allowed the direct observation of the structural
dynamics in matter with a high spatiotemporal resolution. A thin gold film has appeared to be a convenient
photocathode, and photoelectron emission has been induced by femtosecond ultraviolet radiation with a
photon energy of about 4.65—4.75 eV (in particular, 7m = 4.65 eV for the third harmonic of the Ti:sapphire
laser). For the linear photoelectric effect, this energy contradicts the reference work function Wy, = 5.1—
5.3 eV of pure metal. Reasons for such contradiction have been analyzed and good agreement with experi-
mental data has been reached with a model proposed for the generation of photoelectron pulses.
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1. INTRODUCTION

The ultrafast electron diffraction (UED) method is
widely used in current world practice covering physics,
chemistry, biophysics, and nanotechnologies [1—4].
Based on the femtosecond laser technique, this
method allows the detection of the laser-induced
structural dynamics in matter with a high spatiotem-
poral resolution. This makes it possible to directly
observe the coherent dynamics of nuclei (femtosecond
time resolution) and electrons (attosecond time reso-
lution) involved in photoinduced processes in free
molecules and condensed matter. Unlike a large X-ray
free electron laser, the UED method ensures studies
with a laboratory device.

The ultrafast electron diffraction method schemat-
ically involves two channels: the laser excitation
(pumping) of the sample and its probing by time-
delayed electron pulses. An optical delay line allows
one to represent the studied dynamics in the form of a
sequence of electron diffraction patterns recorded on a
position-sensitive detector in a controlled time
sequence. The precise synchronization of both chan-
nels is reached due to a common master source of
ultrashort laser pulses. To generate electron bunches,
it is convenient to use the photoelectric effect in a
metal or a semiconductor [5, 6].

The use of a semitransparent gold film as a photo-
cathode ensured the generation of a pulsed electron
beam by a quite simple and efficient transmission
method. To activate such a cathode, pulsed laser radi-
ation in the ultraviolet band (linear photoelectric
effect) or in the visible band with the wavelength

A =560 nm (two-photon electron emission) can be
used.

The third harmonic (A = 265 nm) of a femtosecond
Ti:sapphire laser, which is widely used in numerous
laboratories studying fast processes, appeared to be a
convenient source of ultraviolet pulses. However,
there is an apparent contradiction: the photon energy
of this ultraviolet radiation is noticeably lower than the
work function W, of pure gold presented in many ref-
erence books. Although all UED experiments were
carried out in high (often ultrahigh) vacuum with thin
films prepared by different methods and in different
laboratories, the difference between reference values
and the “actual” work function W), is noticeable and
can reach about 1 eV.

The aim of this work is to reveal reasons for this dis-
crepancy. We analyze possible reasons for a decrease
in the work function of a thin-film gold cathode and
indicate the factors affecting UED experiments. A
model of the formation of ultrashort electron pulses is
proposed to explain experimental results.

2. EXPERIMENTAL ULTRAFAST ELECTRON
DIFFRACTION SCHEMES WITH THE THIN-
FILM GOLD CATHODE

A high time resolution of the UED method is due
to the use of ultrashort synchronized optical and elec-
tron pulses. Commercially available sources of femto-
second laser pulses with a duration reaching =5 fs can
be used in the pump channel, whereas known difficul-
ties appear for the probe channel (see, e.g., [1, 3, 4]).
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First, the Coulomb repulsion between electrons
significantly worsens the time resolution of the UED
method. To reduce this effect, it is necessary to use
probe bunches (with the initial transverse size of 10—
30 um determined by the diameter of the laser beam in
the focal spot) containing a comparatively small, up to
~10*, number of electrons in each pulse, to increase
their kinetic energy, and to reduce the distance
between the cathode and the sample. At a large acqui-
sition time, when contributions from many pulses
should be summed for the reliable detection of
the electron diffraction pattern, the observation of the
structural dynamics during several hours requires
the stable long-term operation of the photoelectron
source.

The most important features of the femtosecond
electronograph distinguishing it from the large X-ray
free electron laser are the comparable simplicity and
compactness. To generate the pulsed electron beam in
the UED method, semitransparent thin-film (several
tens of nanometers) metal cathodes appeared to be
very efficient because they allow the delivery of trans-
mitting laser radiation directly to the photoelectron
emission region in vacuum. The third harmonic of the
femtosecond Ti:sapphire laser (A = 265 nm, h® =
4.65 eV) made it possible to implement the linear pho-
toelectric effect in gold and silver films. Although sil-
ver ensures a higher quantum efficiency, its operation
time in practice is much shorter than that of gold.

For this reason, the thin-film gold photocathode
remains the basis for the elegant scheme of the forma-
tion of ultrashort photoelectron pulses in the compact
UED facility (see Fig. 1) [7—14].

Using the UED method, the authors of [7] studied
the photoinduced response in a high-quality silicon
single crystal. It was demonstrated that the photostim-
ulated heating of the crystal lattice can lead to a sur-
prising increase in the intensity of Bragg peaks in the
diffraction pattern, which contradicts the known
Debye—Waller effect. It was shown that this behavior
can be explained only in the dynamic diffraction the-
ory including the multiple scattering of probing elec-
trons in the sample. It was concluded that the inclu-
sion of such effects opens a way to the quantitative
study of the nonequilibrium dynamics of defects in
high-quality perfect single crystals.

‘We note that the thin-film gold cathode was used in
the setup described in [11, 12], where the fourth har-
monic of a femtosecond Yb:KGW laser (A = 260 nm,
hid = 4.78 eV) induced photoelectron emission in
ultrahigh vacuum. The authors of [12] studied the
gigahertz structural resonance in a 16-nm antiferro-
magnetic FePS; film cooled below the Néel tempera-
ture. The shift of layers in the sample, where individ-
ual regions of the antiferromagnetic thin film are
shifted in parallel to each other as coherent oscillators,
was detected by the UED method.
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Fig. 1. Sketch of the ultrafast electron diffraction experi-
mental setup. The electron bunch generated in the photo-
cathode (the third harmonic of the femtosecond Ti:sap-
phire laser) is accelerated in the electric field and is focused
by the solenoidal magnetic lens. The sample was excited by
the second harmonic of the same Ti:sapphire laser. The
diffraction pattern was recorded by the position-sensitive
detector.

The thin gold film was used in [7—12, 14] in the lin-
ear photoelectric effect regime, but two-photon elec-
tron emission in such a cathode irradiated by laser
pulses in the visible band opens new possibilities. An
example is the compact femtosecond electronograph
described in [13], where femtosecond laser radiation
(A =565 nm, iim = 2.2 eV) at the output of a paramet-
ric amplifier was used. Tuning the wavelength to the
two-photon emission threshold, the authors achieved
high coherence of the probe due to zero initial kinetic
energy of electrons. This enabled the detection of
deviations [13, 15] from the well-known two-tempera-
ture model describing the dynamics of the excitation
of the electron and phonon subsystems in solids [16,
17]. A stable source of single electron pulses (for which
the effective work function W,, was about 4.3 eV),
where the Coulomb repulsion was almost eliminated,
was developed on the basis of two-photon electron
emission [18, 19].

3. FACTORS AFFECTING THE WORK
FUNCTION OF THE GOLD CATHODE

To reveal reasons why the threshold 4.3—4.4 eV of
photoelectron emission from the thin gold film [13,
18, 19] appears to be noticeably lower than the
reported data 5.1—5.3 eV [20—22]), we consider sev-
eral factors. First, it is known from the description of
Schottky effect [21] that an external electric field F
reduces the work function W. If the surface of the pla-
nar cathode is uniform, this decrease AW measured in
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electronvolts in the applied electric field strength F
measured in volts per centimeter is

AW =3.8x10"*VF. (1)

A high field strength F'should be maintained in the
accelerating gap of the electronograph because the
acceleration of electrons in a short segment makes it
possible not only to minimize the time of flight to the
sample but also to reduce the effect of the spread in the
initial energies of electrons to reach a high time reso-
lution. However, to prevent breakdowns and to ensure
the stable operation of the device, the maximum field
strength F is limited at a level of 10° V/cm. Then,
according to Eq. (1), AW = 0.1 eV, which cannot
explain the above discrepancy. Other reasons for it
should be considered.

As mentioned in [23], a significant decrease in W,
from =5.1 to =4.4 eV can be due to chemisorption of a
tightly bound monolayer of polar molecules (such as
water) and hydrocarbons. The authors of [24] studied
the dynamics of the surface pollution of Au(111)
grown on silica substrates at different times (minutes,
hours, days) by scanning atomic force microscopy and
Kelvin probe force microscopy, which provided the
understanding of surface rearrangement mechanisms
responsible for the variation of W, between 5.25 and
4.75 eV exclusively due to different storage conditions
of the gold sample, e.g., in open air and in a hermeti-
cally closed container in the same laboratory. The so-
called advective carbon (AdC) appeared to present
everywhere on the surface of almost all inorganic
materials due to the airborne mechanism. Two pollu-
tion regimes were revealed in [24]. The initial fast
phase corresponds to the adsorption of organic mole-
cules on the gold surface during several minutes after
changes in the environmental conditions. The accu-
mulation of AdC in the slower phase is accompanied
by the migration of carbon-containing clusters over
the surface and by their growth.

On the one hand, the organic film on the surface of
the gold cathode can explain the possibility of electron
emission under the action of laser pulses in the ultra-
violet band (i = 4.65—4.75 eV) in the linear photo-
electric effect regime. However, on the other hand, the
long-term stable operation of the source of electrons in
high vacuum requires clean experimental conditions
under which the AdC film can be easily destroyed by
ultraviolet laser pulses. In this context, it is important
to understand whether this description is complete
and whether the mechanism of reducing the work
function of gold due to the presence of carbon-con-
taining molecules (or polar water molecules) on its
surface is the only possible.
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4. PHOTOELECTRON EMISSION
MECHANISM IN THE Cr/Au BIMETALLIC
STRUCTURE UNDER THE ACTION
OF FEMTOSECOND LASER PULSES

We take into account that a compact photoelectron
source for many UED schemes is a bimetallic nano-
structure. In [7—13], the emitting gold layer was
deposited on a special buffer layer to increase the
adhesion of Au to the transparent substrate through
which ultraviolet radiation was delivered to the cath-
ode in vacuum (see Fig. 2). In particular, the thin-film
gold photocathode on a sapphire substrate for the
experimental setup in [11] was prepared by electron
beam evaporation when the 1-nm-thick adhesive Cr
layer was first deposited and it was then coated by the
20-nm-thick Au layer.

We emphasize the following important circum-
stance. According to the precise measurements of the
quantum efficiency of photoelectron emission in [13,
18, 19], the work function of the thin-film cathode is
about 4.3—4.4 eV, which coincides with W,. Indeed,
chromium has a comparatively low work function of
=4 4 eV, which, together with the developed method of
uniform growth of thin films, ensures its numerous
applications [25].

The properties of bimetallic structures such as
Cr/Au are of particular interest. Using electron
microscopy, atomic force microscopy, and X-ray pho-
toelectron spectroscopy, the authors of [26] studied in
detail the effect of the adhesive Cr layer on the struc-
ture of 2—20-nm-thick Au films. It was found that the
predominant crystalline orientation of gold in all sam-
ples was [111], and the chromium layer was partially
oxidized [26].

Taking into account that the oxide film can prevent
the electric contact between Cr and Au, we use the
electron energy diagrams for two isolated Au and Cr
metallic layers. In this (Cr—oxide layer—Au) sandwich
model, conduction electrons tunnel (see Fig. 3a) from
the Cr film to the Au bulk through the oxide layer

Cr  Au

265 nm

|

Fig. 2. (Color online) Thin-film Cr/Au structure under
the action of transmitting ultraviolet laser radiation emits
electrons, which are then accelerated by the static electric
field in the gap between the cathode to which a high nega-
tive voltage HV is applied and the anode.
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Fig. 3. (Color online) (a) Illustration of the (Cr—oxide
layer—Au) sandwich model for the observation of the pho-
toelectron emission. It is taken into account that the oxide
film O is formed on the Cr layer in the process of fabrica-
tion of the thin-film gold cathode and can prevent the
electric contact between Cr and Au. (b) Universal curve
qualitatively representing the dependence of the inelastic
free path of electrons in a solid on the kinetic energy of
electrons [27]. The electron inelastic mean free paths in

gold calculated in [28] are summarized in Table 1.

(CrO,, 1 < x < 1.5) whose conductivity can “shortly
appear” under the action of ultraviolet laser pulses (or
intense pulses in the visible band). Electrons with the
energy W,, — W, = 1 €V can propagate “ballistically”
in the gold film to a length of several tens of nanome-
ters (see Fig. 3b), which is in fact equal to the cathode
thickness. The threshold of photoelectron emission
for these electrons is =4.4 eV, which is in good agree-
ment with the experiment [13, 18, 19].

In this model, the role of the gold film as an inert
layer is in fact reduced to the maintenance of the
unchanged structure of the sandwich itself. To use a

Table 1. Electron inelastic mean free path IMFP in gold
according to [28]

E — Ep (eV) 1 2 3 4
IMFP (nm) | 30—40 | 10—20 5-7 34
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comparatively thick protective gold film (Au thickness
of 20—30 nm), the difference between the work func-
tion of the buffer layer and W,, should be not too large
because the electron inelastic mean free path in gold
decreases sharply with increasing kinetic energy (see
the left part of Fig. 3b and Table 1). The electron
inelastic mean free path in Fig. 3b is described by the
function [27]

IMFP = 143/(E — Ez)’ + 0.054\/(E — Ez),  (2)

where Ep is the Fermi energy, the electron inelastic
mean free path IMFP is measured in nanometers, and
the energy difference E — Ep is measured in electron-
volts. Since Eq. (2) is applicable only for a qualitative
description, electron inelastic mean free paths for
gold calculated according to [28] are summarized in
Table 1.

An unconventional character of the multiphoton
generation of electrons in a bimetallic structure was
previously detected in [29], where gold films with dif-
ferent thicknesses on an aluminum substrate were irra-
diated by femtosecond laser pulses (A = 780 nm, fim =
1.6 eV). It was established that the four-photon emis-
sion (characteristic of W,, = 5.3 eV) at the P polariza-
tion and the layer thickness =43 nm was replaced by
the three-photon process; this behavior was attributed
to the anomalous photoelectric effect in gold at the
femtosecond scale. Taking into account that the total
energy of three photons is 4.8 eV, this result [29] indi-
cated a significant decrease in the threshold of elec-
tron emission from the metal. The numerical simula-
tion in [30] for the Al/Au metallic structure shows that
the field gradient of exited surface plasmons reached a
maximum at the interface, which ensured a significant
acceleration of electrons due to the ponderomotive
force induced by femtosecond radiation. Thus, the
metallic substrate can significantly affect the photo-
electric effect in the gold film.

According to the model we proposed, the threshold
of photoelectron emission from the bimetallic photo-
cathode (with the outer gold protective layer) is deter-
mined by the work function of the metallic buffer W.
This opens the potential possibility of controlling the
initial energy distribution of emitted electrons by
selecting the buffer, which can be used to increase the
coherence of the probe beam in the UED method
(when the work function W coincides with the photon
energy of one of the harmonics of the femtosecond
laser). In particular, the use of yttrium with the work
function Wy = 3 eV to fabricate the Au/Y bimetallic
structure will possibly allow one to use the second har-
monic of the Ti:sapphire laser (A = 400 nm, A® =
3.1 eV) not only to form electron pulses with almost
zero initial energy but also to correspondingly simplify
the detection scheme for the structural dynamics on a
compact device.
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5. CONCLUSIONS

It is noteworthy that only copper and silver, which
have (according to the reference data) a comparatively
low work functions: W, = 4.4eVand W,, = 4.3 eV for
polycrystals, are mentioned as materials for photoca-
thodes in review [1] of studies concerning the ultrafast
electron diffraction method. At the same time, com-
pact sources of electrons based on the thin-film gold
cathode made it possible to carry out a number of cor-
responding successful experiments [7—14], involving
the subthreshold ultrafast photoelectron emission
process.

“The gold photocathode problem” is the most pro-
nounced in the linear photoelectric effect, when the
ultrafast heating of the ensemble of free electrons and,
correspondingly, a significant (by =1 eV) decrease in
W, can be excluded due to the tail of the electron
Fermi distribution. Indeed, in contrast to the two-
photon process, laser pulses used for the linear photo-
electric effect had a comparatively low intensity, which
ensured the long-term stable operation of the photo-
electron source.

Just the carbon-containing film on the Au surface
possibly ensures an anomalously low work function for
photoelectron emission.

In the model we proposed, where it is taken into
account that the oxide film is formed on the Cr layer
in the process of fabrication of the Au/Cr bimetallic
gold cathode and prevents the electric contact
between Cr and Au, only the thin chromium layer is
involved in the emission, whereas the role of the gold
film as an inert layer is reduced to the maintenance of
the unchanged structure of the (Cr—oxide layer—Au)
sandwich. Here, electrons from the Fermi level in
chromium tunnel to the gold bulk (it seems important
to take into account the possibility of the fast appear-
ance of the conductivity of the oxide layer under the
action of femtosecond laser pulses). Electrons propa-
gate ballistically over the entire thickness of the gold
film, where they acquire the energy necessary for pho-
toelectron emission. Using the reference work func-
tions for Cr and Au, we have achieved good agreement
with experiment.
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