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Abstract

We report experiments in which we investigated the ultrafast dynamics of competing nonradiative channels for hot
electron mechanisms in various polycrystalline metal samples. Time resolved two-photon photoemission, based on the equal
pulse correlation technique, is used to measure the energy relaxation and the transport of the photoexcited carriers. In these
studies the role of coherent effects in auto- and crosscorrelation experiments has been considered. While the inelastic
lifetime of Ag is in qualitative and quantitative agreement with the Fermi liquid theory, the result obtained for Au is very
different. The measured inelastic relaxation time for transition metals with unoccupied d orbitals is shorter as compared to
the noble metals. The results demonstrate the feasibility of studying electron relaxation in noble and transition metals
directly in the time domain and provide a framework for understanding the dynamics of hot electron transfer from a metal
surface to the adsorbate.

1. Introduction tor of a variety of photon-stimulated surface dynami-
cal processes.

The fundamental properties for electron-stimu-
lated surface dynamical processes can be classified
as: (a) the number of available hot electrons, (b) the
total elastic and inelastic cross sections for resonance
scattering by the adsorbate, (¢) the competing nonra-
diative channels for hot electron mechanisms, and
(d) the properties of the molecular resonant states on
surfaces such as the lifetime of the negative ion
(resonance lifetime 7;) and the resonance potential
energy surface.

Despite many challenges, the past few years have
witnessed notable progress in the study of hot elec-
tron induced surface reactions in the subpicosecond
time scale [1]. Stimulated by recent femtosecond
laser induced desorption results, several theoretical
investigations of hot carrier induced reactions have

* Corresponding author. been undertaken.

Many photoinduced reactions between adsorbed
species and metal surfaces are induced by hot carri-
ers rather than by thermal activation [1]. A possible
mechanism is that photoexcited electrons in the sub-
strate tunnel through the surface and become at-
tached to the adsorbed molecules to form a tempo-
rary, negative molecular ion (hot electron mecha-
nism). The hot electron is inelastically scattered back
into an unoccupied electronic state of the metal
substrate, leaving the adsorption system excited with
some energy. If the electron spends enough time in
the resonance, the excited molecule can acquire suf-
ficient energy to desorb or to overcome the energy
barrier to break some chemical bonds. One can,
therefore, regard negative ion formation as the initia-
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Gadzuk and coworkers have performed semiclas-
sical wavepacket calculations on potential energy
surfaces (PES) for hot electron induced desorption of
NO on a Pt(111) surface (DIET model), calculating
the desorption yield as a function of the resonance
lifetime 7; [2]. In a recent paper, Harris and Hol-
loway calculated the desorption yield as a function
of the resonance lifetime and the magnitude of the
electronic barrier separating the ionized molecule
(NO™) from the Pt surface [3]. They used the same
semiclassical wavepacket calculation on potential en-
ergy surfaces as Gadzuk, but treat the electron and
nuclear coordinates on a equal footing. Including the
connection between the potentials and the resonance
lifetime enables them to describe explicitly the im-
portant electron dynamics of such processes.

Another theoretical treatment of the adsorbate
response to optically induced surface wransients has
been explored at IBM [4]. Stimulated by their fem-
tosecond laser desorption results, a model has been
developed to address desorption induced by multiple
electronic transitions (DIMET). The distinctive fea-
ture of a femtosecond excitation is that the transition
rate to the excited potential surfaces can be suffi-
ciently high to provide multiple excitations on a time
scale which is short compared with vibrational relax-
ation in the ground electronic state. Under such
conditions, the adsorbate can accumulate the energy
necessary for desorption in a series of excitation—de-
excitation cycles. The model is capable of describing
both the highly nonthermal regime of conventional
DIET processes and the pseudothermal regime in
which the molecule—surface vibration is in equilib-
rium with the hot substrate electronic temperature.

1t is clearly understandable that, in the hot elec-
tron mechanism, the all-important factor is the life-
time 7 of the molecule in the intermediate excited
state after a charge transfer until the electron tunnels
back to the metal surface. The acquired energy of the
ionized molecule is directly related to the residence
time 7. The longer the 7, the more kinetic energy
can be acquired by the ionized molecule. Unfortu-
nately, breaking the molecular symmetry by the sub-
strate and the strong coupling between adsorbate
excited states and electron—hole pairs of the sub-
strate have the physical consequence of shortening
the resonance lifetime 7 to a few femtoseconds.
One might expect that an increase in the barrier

width would lead to an increase in the desorption
probability because longer lifetimes ensure that the
molecule can acquire sufficient energy to desorb
before the electron tunnels back. However, according
to Harris [3], there is a competing factor, because the
elastic scattering probability for the incoming elec-
tron also increases with barrier width. This is due to
the fact that it becomes increasingly difficult for the
incident wavepacket to tunnel through the broader
barrier into the molecular resonance. In other words,
a wider barrier leads to greater desorption, because
the lifetime 7 increases and thus the molecule ac-
quires more kinetic energy. At greater widths, how-
ever, it becomes increasingly difficult to enter the
molecular resonance. On the contrary, a narrow bar-
rier lets most electrons enter the resonance, but
because the residence time is short, the molecule
cannot acquire sufficient energy to desorb or to
overcome the energy barrier to break any chemical
bonds.

Unfortunately, neither the lifetime 7, nor the
resonance potential energy surface are known accu-
rately from experimental observation. Both are nec-
essary to describe the dynamics of the hot electron
mechanism and would help to distinguish between
the different theoretical models for ultrafast energy
transfers between a metal surface and adsorbed
molecules. At present, no time domain studies have
successfully measured the lifetime of the molecule in
the intermediate excited state. One of the authors
(MA) has attempted such an experiment while at the
University of Rochester [5]. No broadening of the
pump—probe curve due to the resonance lifetime by
the adsorption of CO on a Cu(100) surface was
observed within the temporal resolution of the equal
pulse correlation 2PPE technique as described in
Ref. [6]. This result indicates that either the lifetime
of the CO 27 * resonance is shorter than the current
detection limit (< 15 fs), or the rate of charge trans-
fers is not high enough to produce a broadening of
the autocorrelation curve. Using a similar time re-
solved two-photon photoemission setup to measure
the resonance lifetime of CO on Cu(111), Knoesel et
al. were also unable to fully time resolve the lifetime
of the CO 2m ™ level [7]. Within the accuracy of
their data, they deduce an upper limit of 7 < 20 fs,
whereas from the spectral width of the 27" reso-
nance a lower limit of ~ 1 fs is estimated.
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As mentioned above, next to the resonance life-
time 7y, the cross section as well as the competing
nonradiative channels for a hot electron transfer are
further important factors for electron-induced surface
dynamical processes. Rous has demonstrated in the-
ory that the substrate electronic structure plays a
critical role in determining the cross sections of
negative ion formation at surfaces, based upon a
recently developed layer Korringa—Kohn—Rostoker
(KKR) calculation of resonance formation in ad-
sorbed molecules [8]. Since for metals photoexcita-
tion generates electrons with a distribution of kinetic
energies, sharp enhancement of the electron charge
transfer cross sections may not be resolved directly
in a hot electron experiment. The results, obtained by
Rous, however, would predict a striking enhance-
ment of the cross section due, for example, to the
coupling of the molecular resonance to the image
states of the substrate.

The competing nonradiative channels for a hot
electron transfer between a metal surface and ad-
sorbed molecules are the energetic relaxation of the
excited electrons and the diffusion of the excited
electrons away from the surface into the bulk (trans-
port). Both channels rapidly reduce the number of
excited electrons in the surface and subsurface re-
gion which would otherwise be available for hot
electron charge transfers to form a transient negative
ion.

In this paper we discuss the dynamics of these
two competing nonradiative channels for hot electron
charge transfers. We perform time resolved two-pho-
ton photoemission, based on the equal pulse correla-
tion technique, to investigate systematically these
competing channels at different polycrystalline metal
surfaces. In particular, we show that the study of the
ultrafast dynamics of optically excited carriers in
metals can provide valuable information on the role
of the various interaction mechanisms for the relax-
ation and thermalization process.

2, Time resolved two-photon photoemission tech-
nique (2PPE)

The experimental determination of the properties
of the unoccupied electronic states on clean and
adsorbate covered metal surfaces, which normally

play an important role in chemical reactions, has
been made possible by the development of inverse
photoemission {9] and two-photon photoemission
(2PPE) [10]. Two-photon photoemission currently
permits measurements to be made with relatively
high resolution (as an example, see Ref. [11]). In a
2PPE experiment two excitation steps occur. In the
first step electrons from occupied states at or below
the Fermi level E; are excited to normally unoccu-
pied states with energies between the Fermi and
vacuum levels. The second step is photoionization of
the transient population from the excited level and
detection of the photoelectron by an energy analyzer.
Hence, in two-photon photoemission from solids the
photon energy must not exceed the work function,
and the intermediate states are limited to the range
between Ep and E,, .

Combined with ultrafast laser techniques, time
resolved 2PPE is one of only few techniques that can
monitor the state of the adlayer and substrate during
the course of the transformation by laser induced
surface reactions. This is made possible by the fact
that it is a two-photon process which is sensitive to
the density and lifetime of the intermediate (unoc-
cupied) state. The dynamic information can be ob-
tained by means of a pump-probe experiment in
which the first laser pulse pumps electrons in the
intermediate state, followed by a second pulse which
subsequently photoemits the excited electrons. By
varying an optical delay line between the two pulses,
the lifetime of the intermediate (unoccupied) states
can be determined.

Our pump-probe experiments are carried out in
an UHV chamber by monitoring the number of
electrons at a given kinetic energy as a function of
the delay between the pump and probe pulses. The
two pulses, equal in energy and either parallel or
crosspolarized, propagate collinearly in order to avoid
effects due to the buildup of intensity or polarization
gratings. We used laser pulses at low fluence and
peak power to avoid space charge effects or highly
excited electron distributions. Therefore, we mea-
sured the relaxation and transport of individual ex-
cited electronic states rather than the collective be-
havior of transiently heated nonequilibrium distribu-
tion. This is an important distinction, because much
photoinduced surface chemistry is a result of the
nascent (as photoexcited), nonthermal electron distri-
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bution which have energies from 1 to 6 eV and not
the subsequent thermally equilibrated electron distri-
bution in which the average energies are only a few
tens to hundreds of meV. That is, for example, the
hot electron induced molecular processes at metal
surfaces occur even before the excited electrons
equilibrate among themselves.

The direct measurement of electron relaxation
times in metals is challenging, because it should be
performed in the few femtosecond time domain.
Only recently, Schmuttenmaer et al. demonstrated
the feasibility of studying the relaxation of single
excited electrons at the Cu(100) surface in the time
domain by means of two-photon photoemission [6].
We used the same equal pulse correlation technique
to investigate systematically the hot electron energy
loss lifetime not only of noble metals but also of
catalytically more active transition metals. Compared
with noble metals, in which the d shell is completely
filled, the d band of transition metals is only partially
filled, and the electronic and relaxation properties are
dominated by these d electrons to a considerable
degree. The strong localization of these d electrons
results in a narrower band and hence in a much
higher density of states near the Fermi level as
compared with the s—p electrons. A higher density of
occupied and unoccupied states near the Fermi level
is expected to lead to faster relaxation and hence to a
shorter inelastic lifetime of excited electronic states.

In principle, using the energy and time resolved
2PPE technique, we measure the depletion of an
excited state population in the very surface region.
There are two factors which might affect the mea-
sured dynamics: cascade effects and transport of the
excited carriers away from the surface region into
the bulk. The population of a state may be filled due
to the energetic decay of electrons at higher excited
electronic state (cascade effect). In order to be cer-
tain that we are measuring the lifetime of single
excited electrons and not the relaxation time of a
cascade, we have to roughly calculate the fraction of
excited electrons. Typically, we have a laser fluence
of about 0.3 nJ/pulse in each beam resulting in
6 X 10® photons per pulse. For a spot size of ~ 150
pm and a penetration depth of the blue light of
~ 150 A, the volume where the laser light will be
absorbed is about 3 X 107! cm3. If 10% of the light
is absorbed by the metal, then 6 X 107 photons are

absorbed by 7 X 10'* atoms which results in a frac-
tional excitation of roughly 1 part in 10%. Hence,
there will be essentially no hot electron—hot electron
scattering and therefore possible cascade effects at
higher excited states are minimized. According to
Quinn [12], the electron loses about half of its excita-
tion energy in a typical collision. At a photon energy
of hv=3.3 eV, the highest excited state will be 3.3
eV above the Fermi level. For the energy range
between about 2 and 3.3 eV, there is only a slight
chance that the probed state may be filled again by
cascade electrons, taking into account our small
number of excited electrons and the large fraction of
energy loss by a typical collision of the hot electron
with a Fermi electron. Below 2 eV, the depletion of
an energetic population might be influenced by the
cascade electrons, but the increase of the specific
lifetime due to cascade effects cannot be larger than
the relaxation of the higher energetic states where
the electron originates. As seen, for example, in Fig.
7, the relaxation time of excited states above 3 eV is
shorter than 2 fs and hence shorter than the time
resolution of our setup. Below 1 eV, however, cas-
cade effects will definitely start to play an important
role for electron relaxation measurements.

The second factor which influences the 2PPE
measurement of the electron dynamics is the trans-
port of the photoexcited electrons away from the
surface region. This will reduce the photoelectron
intensity near the surface region emitted by the probe
pulse and will set a lower limit for the measurement
of the lifetime by 2PPE. For example, even if the
electrons had an infinitely long lifetime, there would
still be an experimentally measured decay in the
photoelectron yield as a function of pump-—probe
delay time due to the electron moving away from the
surface and out of the probe volume. If we assume
separate mechanism for decay and transport we can
add up the measured decay rate in accordance with
Matthiessen’s rule:

1 1 1
= +
7(measured)  7(transport) 7 (intr.decay)
(1)
leading to T(measured) < 7(transport). Hence, the

decay of the single excited electronic state as a
function of the time delay between the two pulses
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depends on the same parameter as the competing
channels for hot electron mechanisms: intrinsic de-
cay of the excited energetic state and transport.
Unfortunately, it is not easy to study either the decay
or the transport effect independently of each other.
For example, a change in the film thickness can
influence the transport of the electrons as well as the
inelastic lifetime of the electrons.

Finally, at energies very close to the Fermi level
where the inelastic lifetime increases beyond 30 fs,
electron—-phonon scattering becomes important.
However, phonon energies are only a few meV for
typical metals. Hence the energy loss due to phonon
creation is too small to be resolved by our energy
analyzer. Therefore, even when the excited electron
lost some energy due to the creation of a phonon, it
still will appear in our energy analyzer. Electron-
phonon scattering, however, destroys the phase in-
formation of the electrons, causing a weaker coher-
ent contribution to the 2PPE signal for a parallel
polarized setup. As discussed under polarization ef-
fects, this will reduce 7(pp).

3. Experimental setup

A schematic overview of the experimental setup
is shown in Fig. 1. The samples are mounted in a
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Fig. 1. Schematic diagram of the equal pulse correlation setup for
time resolved 2PPE. The output of a mode-locked Ti:sapphire
laser is frequency doubled (2w) and external prisms precompen-
sate for group velocity dispersion (GVD). After splitting by a
beamsplitter (BS ) the resulting pulses are delayed with respect to
each other. A second beamsplitter (BS,) combines both pulses
collinearly, which are then focused onto the sample in a UHV
chamber.

UHV chamber equipped with a cylindrical sector
analyzer. In general, we use a pass energy of either 4
or 8 eV, leading to 50 or 100 meV resolution
respectively. Before the experiments, the sample sur-
face was carefully cleaned by argon ion sputtering
and annealing cycles. The cleanliness was routinely
checked with Auger electron spectroscopy (AES).
The sample was kept at room temperature unless
stated otherwise.

The time resolved 2PPE experiments were per-
formed with a femtosecond mode-locked Ti: sap-
phire laser, pumped by about 8 W from a cw Ar*
laser. The system delivers transform-limited and
sech? temporal shaped pulses of up to 9 nJ/pulse
with a duration of 40 to 50 fs at a repetition rate of
82 MHz and a tunability from 730 to 830 nm. The
linearly polarized output of the Ti: sapphire laser is
frequency doubled in a 0.2 mm thick beta barium
borate (BBO) crystal to produce UV pulses at kv =3
to 3.4 eV. The UV beam is sent through a pair of
fused silica prisms to precompensate for pulse broad-
ening due to dispersive elements like lenses, beam-
splitters and the UHV chamber window in the opti-
cal path. A GVD and intensity loss matched interfer-
ometric autocorrelator setup was used for the
pump—probe experiment. The pulses are split by a
beamsplitter in equal intensity (pump and probe
pulses), and one path is delayed with respect to the
other by a computer controlled delay stage. Both
beams are combined collinearly — either parallel or
crosspolarized— by a second beamsplitter and are
focused through a fused silica lens (f= 200 mm) at
the sample surface. The beams enter the UHV cham-
ber through a suprasil viewport.

By using a low pulse energy (< 0.3 nJ/pulse)
and a high repetition rate laser, we avoid space-charge
effects that can distort the measured photoelectron
spectrum. The count rate is much less than one
electron per pulse. Assuming a spot size of ~ 150
pm we estimate a pulse fluence of typically 1.5
wJ/cm? at the sample surface under these condi-
tions (temporal and spatial overlap).

If not otherwise stated, the linearly polarized laser
beam is incident perpendicular to the sample surface
in order to avoid problems regarding the different
absorption efficiency of p- and s-polarized light. In
addition, perpendicular incidence avoids coupling of
the light into surface plasmons [13] which can influ-
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ence the relaxation results quite drastically. The en-
trance axis of the energy analyzer is 45° with respect
to the laser beam. A —4.0 V bias is applied to the
sample to eliminate the effects of any stray electric
fields.

A typical two-photon photoemission spectrum of
a polycrystalline gold foil, taken with one of the
beams blocked, is shown in Fig. 2. The spectrum is
determined by the electronic band structure, the pho-
ton energy, and the lifetime of the intermediate state.
A longer lifetime increases the cross section for the
absorption of a second photon.

As seen in the inset, the energy of the intermedi-
ate state E; above the Fermi energy E; is given by

e=E —E.=®P+E —hv, (2)

where Ey;, is the detected electron kinetic energy at
the sample surface (bias voltage already subtracted),
and Av is the photon energy. Because the lifetime of
the intermediate state increases rapidly with the de-
crease in excitation energy, as shown below, the
2PPE yield will increase at lower kinetic energy
even for flat bands like the Ag or Au s—p bands.
The pump-probe experiments are carried out by
monitoring the number of electrons at a given kinetic
energy as a function of delay between the pump and
probe pulses (two-pulse correlation experiment).
Scans obtained when monitoring electrons at 0.1 and
1.3 eV of kinetic energy (1.8 and 3 eV above the
Fermi level respectively) are shown in Fig. 3. An
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Fig. 2. 2PPE spectrum of a clean polycrystalline gold surface
obtained with p-polarized light at Av = 3.2 eV. The inset shows a
schematic figure of the two-photon process where @ is the work
function for the sample, E; is the intermediate state, E,,  is the
vacuum level and Ef is the Fermi level.
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Fig. 3. 2PPE autocorrelation traces obtained from a polycrystalline
gold film. The energy difference E — E indicates the intermedi-
ate state energy in the two-photon photoemission process and not
the kinetic energy of the emitted electrons. The dashed lines
represent a fit to a sech® function with full width at half maximum
(fwhm) of 90 and 61 fs.

experimental effect on the signal is caused by the
finite pulse width of our probe. Therefore, two-pulse
correlation data are, in fact, the results of the convo-
lution of the actual signal (decay function) with the
pump and probe pulse. By deconvoluting the decay
function from the laser pulse autocorrelation curve,
we can obtain the lifetime 7(measured) of the inter-
mediate state. The main difficulty, however, is to
find the electric field autocorrelation curve for the
laser pulse in the UHV chamber (underlying instru-
ment response function), because we are not able to
autocorrelate the frequency doubled output of the
laser system (360-410 nm) with a doubling crystal
to determine its fwhm. However it is expected and
has been proven by our experiments, that for transi-
tion metals with a large amount of unoccupied d
orbitals, the inelastic lifetime 7 is shorter than 2 fs at
higher excitation energies (E — Eg> 3 eV). Elec-
trons at those energies relax faster than we can
observe within our time resolution. Hence, the fwhm
of the two-pulse correlation signal decreases to a
nearly constant value at higher energies and this
value is within <2 fs consistent with the electric
field autocorrelation curve of the laser pulse. There-
fore we rely on the two-pulse correlation spectra of
Ta and Rh at the highest electron kinetic energies to
determine the underlying instrument response func-
tion.
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We used a nonlinear least-squares fitting routine
to deconvolute the exponential component of the
correlation trace. For small values of 7 compared to
the laser pulse width, however, a numerical deconvo-
lution to obtain 7 becomes complicated. The most
important aspect of our investigation is the relative
trend of T versus energy for different metals and not
the absolute value of 7. Therefore, as a first approxi-
mation, we compared the fwhm of our measured
correlation curve with a calibration curve fwhm ver-
sus 7. This calibration curve was numerically ob-
tained by the convolution of the actual instrument
response function with a exponential decay function,
using 7 as the variable.

Furthermore, Fig. 3 shows how a subpulse resolu-
tion of only a few fs can be obtained by using the
equal pulse crosscorrelation technique. In spite that
the fwhm of the crosscorrelation curve is about 60 fs
(fwhm of the laser pulse =39 fs) we are able to
determine a change in the fwhm of only one or two
fs, as long as the laser pulse width, averaged over
10® pulses, is sufficiently stable. With our set up, the
correlation trace fwhm is stable within ~2 fs on a
timescale of a few hours.

Unfortunately, the finite wavelength tunability
(720 to 830 nm) of the Ti: sapphire laser limits our
ability to measure the inelastic relaxation of states
very close to the Fermi level. For instance, the
deepest level we are able to probe is the work
function & of the material minus the photon energy
hv. Further experiments are being undertaken to
probe levels closer to the Fermi energy by lowering
the work function due to Cs adsorption and will be
published elsewhere [14]. Since the alkali adsorption
introduces new surface states, which might be reso-
nant with the intrinsic electronic states, these condi-
tions can change the electronic relaxation processes
on the surface by introducing new relaxation or
quenching channels.

4. Polarization effects

First we briefly comment on the nature of polar-
ization effects observed in our experiments. Fig. 4a)
shows the energy-dependent relaxation time 7(mea-
sured), for a polycrystalline gold foil, using parallel
polarized pulses (pp) as well as crosspolarized pulses
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Fig. 4. Relaxation time constants 7 as a function of the intermedi-
ate state energy E — Eg for gold (a) and tantalum (b). The filled
circles represent the results of crosscorrelation a measurement
(”'ps) and the open squares of an autocorrelation measurement
(7,5). Note the strong polarization dependent lifetime difference
A=(7,))~(1,,) for Au whereas no difference was observed for
Ta.

(ps). 7 has been deconvoluted from the experimental
data as a function of intermediate state energy ¢ = E;
— E. We did not find a difference in v between
(pp) and (ss) measurements within our time resolu-
tion. The observed difference between 7(pp) and
7(ps) may be astonishingly large but can be ex-
plained by the different ratio between coherent and
noncoherent two-photon photoemission in the signal.
The light of an ultrashort laser pulse has in general a
strong degree of coherence and therefore introduces
coherence in the carrier system [15]. If the physical
phenomena under investigation occur on a time scale
shorter than the dephasing time 7,, such as the
interaction of the carriers with the external light field
in order to accept a second photon, coherent effect
cannot be separated and has to be taken into account
[16]. This experiment proves that, due to the typical
time scale of the lifetime of excited carriers, coherent
phenomena become very important in energy relax-



134 M. Aeschlimann et al. / Chemical Physics 205 (1996) 127-141

ation experiments. The dephasing process is a quasi-
elastic process in which phase breaking scattering
events destroy the phase coherence of the electrons
but do not remove the electrons from the quantum
state of interest. The coherent part is the convolution
between the dephasing function and the electric field
autocorrelation and is, therefore, not an instanta-
neous (or just virtual) response of the medium. For
an exact theoretical analysis of coherent phenomena
in 2PPE, a fully quantum-mechanical treatment is
required. However this would go beyond the scope
of this paper.

When the two pulses are orthogonally polarized
and propagate collinearly in the same direction, the
coherent effect is drastically reduced, resulting in a
nearly sequential (noncoherent) two-photon process.
Although there might be some small coherent contri-
butions, the measured lifetime of the ps (orthogonal
polarized) measurement can be regarded as the relax-
ation of the excited energetic state near the surface.
However, the role of coherence effects in the inter-
pretation of data gained by subpulse resolution tech-
niques must be borne in mind in order to correctly
extract the energy relaxation time 7,. By investigat-
ing the difference between 7(pp) and 7(ps), we are
able to discuss the dynamics of the coherent polar-
ization in the carrier system and its decay by pulse
relaxation. The coherent polarization decays within a
period of time that is typically much shorter than that
related to incoherent phenomena, leading to T, < T,
where T, is the inelastic energy relaxation time of
the excited electron. For a noble metal with a long
T,, the dephasing time T, can become much shorter
than 7,. Because only 7(pp) is strongly influenced
by T,, 7(pp) < 7(ps) as seen in Fig. 4a for polycrys-
talline gold. After several additional sputter and an-
nealing cycles of the gold foil, we observed very
little change for 7(ps); however, 7(pp) increases
resulting in a decreasing difference A = 7(ps) —
7(pp). This behavior can be explained by the fact
that cleaning and annealing processes reduce elastic
carrier impurity and carrier defect scattering, causing
an increasing dephasing time 7,.

Furthermore, we investigated the polarization de-
pendent lifetime difference A= 7(ps) — +(pp) for
transition metals with a very short inelastic energy
relaxation time T,. The dephasing time 7, will be
limited by inelastic electron—electron scattering pro-

cesses and therefore by T,, leading to equal 7(pp)
and 7(ps) as seen for tantalum in Fig. 4b.

5. Inelastic lifetime of single excited electrons

For optical radiation in the visible wavelength
regions, the photons are absorbed by the creation of
carriers, i.e., through the production of electron-hole
pairs. Initially these carriers are far from being in
equilibrium with the temperature of the substrate.
The lifetime of the electronic excitation will be
controlled by the available decay channels, which
generally include collisions with other electrons and
phonons. Hot electron energy loss lifetime in metals
have been the focus of research for many years. A
knowledge of this process is important from the
point of view of basic physics, such as electron-
electron and electron—phonon scattering. There are
related /problems, such as the probing depth of low
energy electrons by different surface sensitive analyt-
ical techniques.

In principle, lifetime of carriers can be obtained in
the time as well as in the frequency domain. Before
it was possible to use ultrafast lasers for real time
experiments, the only means available for obtaining
information about lifetimes of states was the mea-
surement of spectroscopic linewidth. This method,
however, is controversial, because experimental re-
sults have proven that lifetime is not necessarily the
primary factor in the observed linewidth of unoccu-
pied states even at simple metal surfaces (as an
overview, see Ref. [17]). Kevan demonstrated by
means of high resolution angle-resolved photoemis-
sion spectroscopy on the sp surface state on Cu(111)
that the spectral width of the feature even shows a
counter intuitive behavior, i.e., the width actually
increased upon approaching the Fermi level [18]. In
addition, it is quite obvious that it will be impossible
to determine the relaxation rate of polycrystalline
metals from frequency domain measurements be-
cause, in general, no discrete spectral features exist.

At present, the ultrafast dynamics of optically
excited carriers have been studied quite intensively
for semiconductors. Time domain studies have pro-
vided valuable information on the role of the various
interaction mechanisms for the thermalization and
relaxation process [19]. Due to the existence of a
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band gap, the electrons will initially cool to the
bottom of the conduction band, and the holes will
cool to the top of the valence band. At high carrier
densities, carrier—carrier scattering is the dominant
thermalization process; at low densities the interac-
tion with optical phonons is the dominant mecha-
nism leading to the formation of phonon replicas in
the carrier distribution function. The resulting life-
times of the thermalized excitations vary widely and
can extend into the nanosecond range.

In the case of metals without a restriction of
unoccupied orbitals due to a band gap, the hot
electrons relax directly to a thermal equilibrium with
the whole electron gas. Therefore, the lifetime of
individual excited electronic states is always short,
typically in the order of only a few femtoseconds. In
metals a detailed study of relaxation phenomena in
the time domain has just begun [6,20,21]. The relax-
ation of a single electronic state must be separated
from the much slower relaxation of a highly excited
electron gas by electron—phonon scattering, where
the energy is transferred from the hot electron gas to
the lattice. This thermalization process has already
been quite well investigated by indirect methods,
such as the techniques of transient thermoreflectivity
[22] and transient thermotransmissivity [23]. Both are
pump-probe techniques based on the temperature
dependence of the dielectric constant which, of
course, depends on the collective behavior of a
transiently heated nonequilibrium electron distribu-
tion.

In metals the important decay channels at low
carrier density are quite different compared to semi-
conductors. Carrier—carrier interaction, carrier—pho-
non interaction, and carrier photogeneration pro-
cesses play minor roles in the energy relaxation of
hot electrons. Only at energies close to the Fermi
level, where the inelastic lifetime increases rapidly,
does electron—phonon scattering become more im-
portant. Spontaneous recombination processes
(luminescence) typically occur on much longer times
scales than the electron—electron and electron—pho-
non scattering processes. Thus, they are of minor
importance for the ultrafast dynamics of photoex-
cited carriers.

At low laser fluence, the dominant hot electron
relaxation process is inelastic scattering of the ex-
cited electrons with Fermi electrons and electrons of

occupied states just below the Fermi level, leaving
both electrons in unoccupied states above the Fermi
level. Defects and impurities will increase the elastic
scattering rate but have a smaller effect on the
inelastic scattering rate. For polycrystalline samples,
inelastic scattering on grain boundaries is a further
source for energy relaxation of excited electrons.

The total scattering cross section is given by
o(E)=1/A(E), where A, is the inelastic mean free
path of the excited electrons and can be translated
via the electron group velocity v(E) into the inelas-
tic lifetime T, = A, /v(E). A large amount of data for
A; has been accumulated from the overlayer method
in which the attenuation of a prominent substrate
feature is measured as a function of the overlayer
thickness x and fitted with an exponential decay exp
(—x/A;). The data for many materials are often
displayed as a ‘‘universal curve’’ which shows A, as
a function of energy [24]. With low energy electrons
escaping from the solid close to the vacuum layer,
the overlayer method cannot be applied due to the
lack of a distinguishing feature. However, by de-
positing nonmagnetic thin layers on a magnetic sur-
face, one can obtain accurate values of A; in the
energy range of 5 < £ < 10 eV, where &£ = (E, — E;),
by measuring the decay of the spin polarization P of
the emerging electrons. The results show, that for
many metals, the values in this energy range cannot
be described by the ‘‘universal curve’’ {24]. Sieg-
mann has compiled the data of A(5< &< 15 eV)
available from many laboratories and has found a
fairly simple behavior [25]: the total scattering cross
section o can be fitted to the data by

o=0,+no,. (3)

The constant part o, accounts for inelastic scat-
tering other than into the holes of the d band and
includes, for instance, scattering into s—p-derived
bands, whereas the second part oy describes the
scattering into one unoccupied d orbital, where n is
the number of unoccupied d orbitals. This empirical
rule describes the strong difference of the total scat-
tering cross section o of different transition metals
astonishingly well. According to Siegmann’s inter-
pretation, the noble metals Cu, Ag, and Au should
have identical o= o,. That this is not the case for
&< 35 eV will be shown below. However, as Sieg-
mann pointed out, it is obvious that Eq. (3) cannot be
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Fig. 5. Comparison of the relaxation time constants obtained from
crosscorrelation measurements of different noble metals. The tri-
angles represent the data for Au and filled circles for Ag. The
open circles are the results for Cu(100) surface, published by Ref.
[6]. The solid line is calculated from Fermi liquid theory.

used to describe the details of electron—electron scat-
tering in metals. For example, it neglects the scatter-
ing into the variable surface or interface states. Fur-
thermore, electronic changes in the substrate surface
do occur when the overlayer is deposited [25].

For studying single excited electron relaxation as
a competing nonradiative channel for the hot elec- ,
tron charge transfers, we are mainly interested in the
energy range below the vacuum level which cannot
be tested by the overlayer method. Time domain
measurements are therefore required to determine the
excited state lifetime of energies below the vacuum
level.

6. Noble metals

Fig. 5 displays the inelastic lifetime T, = 7(ps)
versus the energy £ = (E, — E;) for an Au and an Ag
foil. We used polycrystalline film in order to limit
electron transport which is impeded by elastic elec-
tron—grain boundary collision as will be discussed
below. 7(ps) varies slightly from measurement to
measurement (max. ~ 15%), depending on the sam-
ple preparation (e.g. grain size, lattice imperfection,
surface roughness). The lifetime 7 increases as the
energy of the intermediate state above the Fermi
level decreases. The source of the increasing lifetime
near the Fermi level is the decreasing phase space

for scattering and hence a consequence of the exclu-
sion principle on electron—electron scattering. In or-
der for a single excited electron at the intermediate
energy E; to be scattered, it must interact with an
electron of a state below E. The exclusion principle
requires that these two electrons can only scatter into
unoccupied levels whose energies must, therefore, be
greater than E,. Consequently, the lifetime of an
electron at the Fermi surface at 7=0 is infinite.
When E, is slightly different from Eg, some phase
space | E; — Eg| becomes available for the scattering
process. According to the Landau theory of Fermi
liquids, this leads to a scattering rate which scales
like (E; — Eg)* [12]. The square factor comes from
the available independent energy variable for the e—e
scattering process in a three-dimensional system. A
nonzero electronic temperature provides an addi-
tional range of phase space of the order of k57T, and
therefore leads to a scattering rate going as (k,7,)%.
Taking these consideration into account, an excited
electron has a scattering rate 1 /7 that depends on its
energy and the temperature in the form [26]:

1/T=a(Ei_EF)2+b(kBY;)2' 4

We expect another increase in the phase space
available for scattering due to the nascent, nonther-
mal electron distribution caused by the fs pump and
probe laser pulses. From the fact that the number of
excited electrons scales linearly with the laser flu-
ence I, we add, as a crude approximation, an
optical contribution clf to the scattering rate, ex-
tending Eq. (4) to yield

1/7=a(E,— Eg)* + b(kgT,)* + cl?. (5)

Inherent in the above analysis is the assumption
of separate mechanisms for the temperature induced
and optical induced scattering rates. This assumption
is certainly violated for a longer lifetime 7. At a
higher value of &= (E, — Eg) the leading contribu-
tion to the scattering rate 1/7 is the first term.
Terms 2 and 3 of Eq. (5) are usually small, but at
lower £ and higher laser density it may be large
enough to cause an overall increase in the scattering
rate.

In order to check whether 7 is influenced at lower
energies & by the pump and probe pulses and hence
by the probing technique itself, we determined the
change in 7 as a function of T,. Fig. 6a shows the
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Fig. 6. fwhm of the crosscorrelation traces obtained from poly-
crystalline gold film as a function of temperature (a) and the laser
fluence (b). £~ E; = 1.85 eV.

fwhm of a crosscorrelation experiment as a function
of the sample temperature. We observed a slightly
decreasing fwhm as the temperature is decreased
from 700 to 200 K (the same slope was obtained by
heating from 200 to 700 K). This is contrary to what
was expected, because the scattering rate should
increase with T,. However, the change in fwhm is
within the time resolution of our set up and can be
regarded as a technical artifact due to the heating of
the sample. According to nonequilibrium heating
model calculations, the femtosecond pump and probe
pulses did not cause an increase in the electron
temperature by more than ~ 10 K [27]. Conse-
quently, even when the lifetime was long enough for
a partial thermalization of the electron gas, causing a
minor increase in T, the scattering rate will not be
influenced within our time resolution.

In addition, the importance of the optical contri-
bution to the scattering rate can be investigated by
varying the laser fluence /; . In Fig. 6b we plotted
the measured fwhm as a function of the laser fluence
I, . The result does also not show measurable depen-
dence of 7 caused by the (laser induced) increased
phase space.

The same phenomena shown in Figs. 6a and 6b
were also observed with Ag. Hence it is reasonable
to expect that, under the quoted experimental condi-
tions and uncertainties, the deviation of electron
distribution, due to the pump and probe laser pulses,
does not significantly affect the measured lifetime
7(&). The dominant scattering term in the probed
energy range is given by the available phase space
e=(E,— Ep).

According to Eq. (3), all noble metals should
have an identical total inelastic scattering cross sec-
tion o= o, which is obviously not the case for Au
and Ag as seen in Fig. 5. A more detailed, semiquan-
titative description of the properties of electrons in
metals with several eV of excitation energy above
the Fermi level is obtained by treating the excitation
as a quasiparticle and is referred to as Fermi liquid
theory. Using the approach taken by Quinn [12], we
can estimate the lifetime of the excited electrons by
calculating the imaginary part of their self energy E,.
For low energy excitation (k/kg < 1.3) the approxi-
mate electron lifetime can be given as

’T=h/2El=a[EF/(Ei‘—EF)]2’ (6)

where a is a prefactor depending on the dimensions-
less parameter r,/a, for the interelectron spacing.
The solid line in Fig. 5 corresponds to the predicted
lifetime for Ag obtained from Eq. (6) with r,/a,=
3.02 [26] leading to a prefactor a = 0.5 (according to
Ref. [12]).

It is obvious that the data obtained for the Ag film
are reasonably close to the Fermi liquid theory; the
deviation for Au of the measured lifetime from the
Fermi liquid theory is, however, quite remarkable.
To determine whether this discrepancy is due to
inelastic surface scattering of the excited electrons,
caused by a different surface roughness of the Ag
and Au foils, we evaporated 200 nm thick Ag and
Au films on a NaCl and on a mica substrate respec-
tively. Both films went through different cleaning
and annealing cycles to improve the smoothness of
the surface. However the obtained results show only
minor differences to the results obtained with the
foils. The discrepancy between the experimentally
observed lifetime 7| of the Ag and Au films cannot
be understood in terms of the Fermi liquid theory.
Both critical parameters in Eq. (6), the radius of the
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sphere r, and the Fermi energy E, are nearly equal
for Ag and Au. In contrast to our results, Groeneveld
et al. found for both metals the same prefactor
aEZ =10 fs eV? according to Eq. (6), using a novel
femtosecond optical transient reflection technique
[21]. A related study of Schmuttenmaer et al. found,
however, the same deviation of the relaxation time 7
for a single crystal Cu(100) sample from Fermi
liquid theory as our Au results [6]. These copper
values are included in Fig. 4.

This deviation of Cu and Au from the Fermi
liquid theory might be caused by the occupied d
orbitals, which are located just about 2.3 eV below
the Fermi level for both metals and exhibit strong
non-free-electron-like behaviors. In contrast, the d
orbitals of Ag are much deeper, about 4 eV below
Eg. Further investigations of a possible influence of
the d bands on the measured lifetimes are in progress.

7. Transition metals

We extend the relaxation studies to transition
metals to examine the effect of the different band
structures in the relaxation process. Fig. 7 shows the
inelastic lifetime 7(ps) versus the energy &= (E, —
Ep) for a tantalum and a rhodium foil. As expected
and as discussed above, the inelastic relaxation time
7 for transition metals with unoccupied d orbitals is
shorter compared to the noble metals. We will com-
pare our results with Siegmann’s empirical rule (3).

.
64 *
a
Rh
.
4
_— .
Lod [}
2 . ;
°
* .
. e
0 ca20°%3g50,
T T T T
1.5 2.0 25 30 3.5
E-EF [eV]

Fig. 7. Comparison of the inelastic lifetime 7 obtained from
crosscorrelation measurements of the transition metals tantalum
(@) and rhodium (D).

The number of unoccupied d electrons is much
larger for Ta (5d*) than for Rh (4d®), however, the
measured 7(Rh) is within our time resolution equal
to 7(Ta). There is a possible explanation for the
observed discrepancy from Eq. (2). Siegmann has
compiled the data of A, in the energy range of
5 < e<15 eV, therefore all unoccupied d orbitals
can be taken into account. Using the 2PPE tech-
nique, we investigate the inelastic lifetime of states
below the vacuum energy and, therefore, have to
compare the number of unoccupied d orbitals below
the probed intermediate level. Although Ta has much
more unoccupied d orbitals than Rh, these unoccu-
pied orbitals are distributed over a wide energy range
above the Fermi energy (Ex < e <Ep+ 5 eV [28)).
In comparison, most of the unoccupied d levels of
Rh are within the energy range into which the scat-
tered electrons can fall.

8. Transport

The transport of excited electrons from the sur-
face into the bulk has the same effect as the decay of
the excited electrons: it reduces the number of elec-
trons at the surface region which might otherwise
transfer to the molecule. The inelastic mean free path
A; is the product of the lifetime and the velocity. In
gold, the excited electron velocity is roughly 2 X 108
cm/s at 1.9 eV above the Fermi level. Therefore, A,
(T, = 20 fs) is roughly 400 A at 1.9 eV. Brorson et
al. have shown that hot electron transport across
500-3000 A gold films can proceed at a velocity
approaching that of the Fermi velocity [29]. These
measurements provide significant evidence of a bal-
listic component in electronic transport. The relative
magnitude of ballistic versus diffusive heat transport
in gold is, however, still unresolved.

As an approximation we performed a numerical
calculation of the hot electron distribution perpendic-
ular to the surface (z-axis) as a function of time
using a simple isotropic ballistic transport model.
The photoexcited electrons are free to move with
equal probability in all directions, and we incorpo-
rated total elastic reflection at the surface. Because
the laser beam diameter is much larger than the
optical skin depth, we neglect radial diffusion of the
hot electrons which is negligible within the time
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scale of interest. Fig. 8 displays the electron distribu-
tion at the excitation time #,=0 fs, given by the
exponential decay of the laser light absorption, and
the calculated distribution at a later time ¢ =30 fs.
The curves indicate the drastic reduction of excited
electrons in the important surface region within 30 fs
due to the transport into the bulk, thus causing a
strong reduction of the cross section of a hot electron
charge transfer process.

From the experimental point of view, transport
also reduces the photoelectron intensity emitted by
the probe pulse and will set a lower limit for the
measurement of the lifetime by 2PPE. Schmutten-
maer et al. have shown for Cu(100) that the quadratic
trend of the electronic lifetime predicted by the
Fermi liquid theory does not continue at lower ener-
gies, and that this leveling off of the apparent life-
time can be attributed to the transport effect [30].
This leveling off starts at ~ <2 eV. The work
function for a clean polycrystalline gold surface is
too high for this leveling off to occur. The deepest
level which we are able to probe is about 2 eV. We
decreased the work function slightly by depositing a
small amount of Cs on the surface of the 2000 A
thick gold film and found the same leveling off
effect of the apparent lifetime at energies < 1.8 eV
(see (D) in Fig. 9).

Possibilities for reducing the transport effect and
increasing hot electron induced molecular processes
on metal surfaces were investigated. By comparing
transient thermotransmissivity results of single crys-
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Fig. 8. Excited electron distribution perpendicular to the surface
(z-axis) at the excitation time t,, and after 30 fs as predicted by an
isotropic ballistic transport model.
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Fig. 9. Lifetime 7,; obtained from measurements of polycrys-

talline gold films of different thickness. The film thicknesses are:
2000 A (00), 500 A (@), and 100 & (a).

talline and polycrystalline gold films, Elsayed-Ali et
al. have shown that electron transport is impeded by
the predominantly elastic electron—grain boundary
collision [27]. Grain boundaries are known to be very
efficient in scattering excited electrons.

The transport effect may also be reduced by using
films as thin as the penetration depth of the laser
light. Fig. 9 shows 'r(e) of three different gold films:
100, 500, and 2000 A thick, respectively. The 100
and 500 A were deposited on a BaF, crystal by
conventional resistive evaporation technique
(evaporator chamber preasure 10~% mbar). The film
thickness was determined by a crystal thickness
monitor. Because the films have been exposed to air,
the Auger spectra indicate some carbon contamina-
tion. This might explain the much lower work func-
tion and hence the wide energetic spectrum (1.3
eV < £< 3.3 eV). We checked the surface flatness
of both films by means of scanning tunneling mi-
croscopy (STM) and found a rough surface, mainly
colloidal grown features (grains size about 20 nm).
This has to be expected because we were not able to
heat the substrate during the film growing process.
The 2000 A thick gold film was also fabricated by
evaporation; however, we used mica as a substrate.
This film went through several heating and annealing
cycles until the STM images shows a fairly smooth
surface. The image shows hexagonal faceting (lines
which meet at an angle of 120°) which is character-
istic of the (111) closed-packed plane for Au. We
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decreased the work function of the 2000 A film
slightly by depositing a small amount of Cs on the
surface. This allow to expand the probed spectrum in
order to check the leveling off effect due to trans-
port. At higher energies (&> 1.8 eV), where trans-
port effect do not play a dominant role, the electron
lifetimes 7(measured) observed for all three films
are remarkably equal, taken into account the differ-
ences in thickness and surface roughness and that
they were grown in different laboratories. At ener-
gies below 1.75 eV, the thicker film starts —in com-
parison to the two thinner ones - to level off. This
might prove the expectation, that electron transport
can be impeded by using thin films where the leav-
ing electrons will be scattered back from the insula-
tor—metal interface to the surface. However we did
not find a difference in 7 for the 100 and 500 A
thick films, what is in contrast with this interpreta-
tion. Further work is in progress with the aim of
preparing atomically smooth, freestanding thin metal
films. This allows the observation of intrinsic hot
electron relaxation times without being affected by
transport and inelastic scattering on the metal—insu-
lator interface.

9. Concluding remarks

The present work shows that time resolved two-
photon photoemission, based on the equal pulse cor-
relation technique, can be used to investigate the
competing channels for hot electron transfers. This
technique provides a powerful tool for the systematic
study of the dynamics of electron—electron scattering
processes in noble and transition metals in the low
density limit. While the inelastic lifetime 7| of Ag is
in qualitative and quantitative agreement with the
Fermi liquid theory, the result obtained for Au is
very different. Hot electron relaxation observations
of metals with unoccupied d shells prove that the
inelastic decay depends on the number of unoccu-
pied d orbitals below the probed energy state. The
observations reveal that copper is an ideal model
substrate for studying the mechanism of hot electron
charge transfer and the resonance lifetime 7. The
rate for hot carrier transfer, however, might be quite
different for the noble metal Cu and the more cat-
alytic active transition metals due to a much faster

decay of the excited electrons. We discussed the
nature of polarization effects observed in our experi-
ments. Differences in the observed lifetimes between
parallel- and crosspolarized beams indicate that co-
herence effects have to be taken into account in this
time scale. We have shown that the transport effect
is a second competing channel for hot electron trans-
fer. The effect might be minimized by using poly-
crystalline samples with small grains or thin films in
the order of the optical penetration depth of the laser
light.
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