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Abstract

The immense progress in the field of ultrashort pulsed lasers made it possible to study ultrafast dynamics of photoexcited
hot electrons in metals by means of a variety of pump-probe techniques. Time-resolved two-photon photoemission has the
capability of directly monitoring the dynamics of electrons with specific energy and momentum during the course of the
transformation of a nascent (as photoexcited) nonthermal electron distribution to an excited Fermi—Dirac distribution. The
main purpose of this investigation was to gain a basic understanding of the dynamics of single excited electrons at a metal
surface, particularly in an energy region which is important for surface photochemistry and catalytic model reactions
(Er<E<E,,.)- In these studies, the roles of secondary electrons and transport effects in equal pulse cross-correlation
experiments were considered. The results demonstrate the feasibility of studying electron relaxation in noble and transition
metals as a function of band structure, spin-polarization, surface morphology and dimensionality. We also present an
extension of the common time-resolved two photon photoemission method to higher energies (hv>20 &/, UPS mode) and

high lateral resolution (PEEM mode). [ 2002 Elsevier Science BV. All rights reserved.

Keywords: Electron dynamics; Ultrafast spectroscopy; Surface science; Magnetism

1. Introduction

In many modern fields such as fs-photochemistry
and (magneto)electronics, an understanding of rate
limiting processes can be elucidated by studies of the
dynamics of photoexcited hot electrons. In the case
of metals where the unoccupied electronic states are
not restricted by a band gap, hot electrons relax
directly into therma equilibrium with the whole
electron gas, randomizing both their energy and
momentum. The lifetime of individual excited elec-
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tronic states in metals is always short, typically on
the order of only afew femtoseconds (fs) and, hence,
a detailed study of relaxation phenomena in the time
domain has just begun. In general, carrier—phonon
interaction and luminescence play minor roles in the
energy relaxation of hot electrons in metals. Only at
energies close to the Fermi level, where the inelastic
lifetime increases rapidly, does electron—phonon
scattering become more important. At low excited
carrier density, the dominant hot electron relaxation
process is inelastic scattering of the excited electrons
with electrons of occupied states at and below the
Fermi level, leaving both electrons in excited states
above the Fermi level. Defects, impurities and, for
polycrystalline samples, grain boundaries will in-
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Fig. 1. The dynamic properties of photoexcited electrons are
governed by a variety of intrinsic and extrinsic parameters.

crease the elastic scattering rate but typically have a
negligible effect on the inelastic scattering rate of
bulk electronic excitations [1]. The electron—electron
scattering process in a metal is determined by the
complicated competition between the phase space
available for the transitions and the screening effects
of the electron plasma. Unfortunately, no mathemati-
cally rigorous method of treating many-body effects
in most real metals exists. One must rely on different
intuitive approximations and hope that they contain
the important physics of the properties being investi-
gated.

In this paper, we will show that the lifetime of
electronic excitations in metals depends on the
excitation energy, screening effects, band structure,
spin polarization, dimensionality of the system, and
the morphology of the sample (Fig. 1). The data are
obtained by means of time-resolved two-photon
photoemission (TR-2PPE), based on the equal pulse
correlation technique. Combined with ultra-fast laser
techniques, TR-2PPE is one of very few techniques
that enable one to study the state of the electron
system during the course of its transformation from a
nascent nonthermal electron distribution to an ex-
cited Fermi—Dirac distribution. By using state-of-
the-art laser technology, it is possible to investigate
electron dynamical processes at surfaces with atime-
resolution of a few femtoseconds [2-5].

2. Theory

Early theoretical approaches were based on the
Landau theory of Fermi liquids (FLT) which treats
the excitation as a quasiparticle [6,7]. The lifetime

7. Of asingle particle excitation of an electron gas,
as determined by electron—electron interactions, can
be calculated from the imaginary part 3, of its self
energy 3(p). Quinn and Ferrell treated this problem
in a theoretical study considering a Fermi liquid-like
free electron gas [8]. In the case of low excitation
energies E(p) and when the effect of plasmon
creation can be excluded (E(p) < fiw,), they derived
the following formula for E, [7]
, EO . .
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where e=¢, +ig, is the complex dielectric function
of the electron gas and AE(q) is the energy transfer
through the interaction of the excited electron with
the electron gas at momentum exchange §. The
decay time of the excitation is then given by

1
Toe = =
< 25p)

(2

The integrand in Eq. (1), L Im< —1) is re-
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ferred to as the bulk eneijgi/ loss function. This
expression can be derived by considering the power
loss of a charged particle due to the dielectric shift
inside a bulk [9]. Consequently, E,(p) results from
the sum of all possible decay channels of an electron
provided by the interaction with the electron gas. In
detail, &, serves as a measure of the number of states
available for real transitions due to interaction with
the electron gas, whereas the denominator accounts
for the screening of these interactions by the electron
plasma. It is the competition between transitions and
screening which ultimately determines the lifetime of
an excitation.

Quinn suggested that the screening of electron—
electron interactions is adequately included in the
Thomas—Fermi dielectric function &' (G, AE(G) = 0)
if the energy of the excited electron E(p) is close
enough to the Fermi energy E¢ [7]. In this case, the
denominator of Eq. (1) can be replaced by
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where q, is the inverse Thomas—-Fermi screening
length, n the density of the electron gas and a, the
Bohr radius. This approach considers that the system
is always in equilibrium with respect to screening.
The electron gas reacts instantaneously to changes
induced by interactions with the excited electron and
screens such disturbances within a typical length of
1/q..

Under these conditions, Quinn derived the follow-
ing simple expression for the lifetime 7., in a 3D
system which is known as Fermi-liquid behavior
(FLT):

2
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T
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The prefactor 7, is primarily determined by the free
electron density n and is approximately given by
(10]
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If we take into account that the Fermi energy E. is

aso a function of the electron density, then the
dependence of 7, can be given as
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According to these assumptions, the inelastic lifetime

of an excited electron as a function of its excitation

energy SE with respect to the Fermi edge E: is

determined by the density of the electron gas.

This theory is only dtrictly valid for a Fermi
liquid-like free electron gas. However, Quinn
showed that the relaxation process of a degenerate
nearly free electron gas in metallic conducting bands
may still be in a reasonable quantitative agreement
with the FLT within certain limits [7]. However,
even in noble metas, the role of the screening
interaction between extended sp and localized d
electrons has to be taken into account [11-13].
Recently, several first-principles calculations of hot
electron lifetimes in real solids have been performed
that quantitatively account for the interplay between
band structure and many-body effects on electron
relaxation processes [14—17]. In general, the ab initio
results for Cu and Au are dightly larger than the
simple jellium (free electron gas) results obtained

with the FLT. For Ag, the agreement between both
theories is even better. This can be explained by the
fact that the Fermi surface of Ag is nearly spherical.
Only for energies smaller than 1 &/, the FLT
lifetimes are higher. Since aluminum is a simple
metal with no d-bands, the hot-electron lifetime
should be well described within a free-electron
model. However, due to a lattice-induced splitting of
the band structure above the Fermi level new decay
channels are opened, decreasing the hot electron
lifetime [15,16,18].

3. Experimental methods

3.1. Time-resolved two-photon photoemission
technique

The experimental method used to investigate the
lifetime of electronic excitations of metallic conduct-
ing bands is time-resolved two-photon photoemission
(TR-2PPE), a direct measurement of dynamical
properties in the time domain with a resolution of a
few femtoseconds. The principle is schematically
shown in Fig. 2. An ultrashort pump laser pulse
excites electrons out of the valence band of the metal
within the optical penetration depth of the surface.
The transient population of the intermediate excita-
tion is probed by a second ultrashort laser pulse
which promotes the still excited electrons to the
vacuum where their energy is analyzed. Information
about the depopulation time of the intermediate state
and, hence, the average lifetime of a single excited
electron in a certain energetic state is obtained by
varying the time delay between pump and probe
pulses.

3.2 Experimental set-up

Our time-resolved two-photon photoemission ex-
periments were carried out with an 82 MHz pulsed
Ti:Sapphire laser, tunable from 750 to 830 nm. The
system delivers transform-limited and sech® tem-
porally-shaped pulses of up to 9 nJ/pulse with a
duration of 20-40 fs. As shown in Fig. 3, the
linearly polarized output is frequency doubled in a
0.15-mm-thick Beta Barium Borate (BBO) crystal to
produce UV pulses at hy=3.0-3.4 &/. The beam is
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Fig. 2. The time-resolved two-photon photoemission process.

sent through a pair of fused silica (GVD) to pre-
compensate for pulse broadening due to dispersive
elements such as lenses, beam-splitters and the UHV-
chamber window in the optical path. The pulses are
split by a beam splitter to 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 by a second beam
splitter and are focused at 45° incidence on the
sample surface. In an autocorrelation set-up the same
photon energy and polarization is used for both
pulses and therefore the detected autocorrelation

trace (2PPE intensity vs. pump-probe delay time) is
symmetric with respect to time zero (tempora
overlap of the pulses). By using two different
polarizations (p- and s-polarized) or different photon
energies the symmetry in time is broken. For the
investigation of the lifetime of electronic volume
states, we typically use the equal pulse cross-correla
tion techniques (pump and probe are equal in photon
energy and intensity, but have different polarization)
in order to minimize coherent effects between the
pump and probe pulse.

The samples are mounted in an UHV-chamber
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Fig. 3. Set-up for a time-resolved 2PPE experiment.
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(base pressure 8x10 '

cylindrical sector electron energy analyzer. In gener-
a, we use a pass energy of 4 &V, leading to roughly
50 meV resolution. A 4.0 V bias is applied to the
sample to eliminate the effects of any stray electric
fields. The samples (single crystals and polycrystal-
line films) were prepared by severa sputtering and
heating cycles. Sample cleanliness was checked
using work function measurements, as determined by
the onset of the 2PPE spectra, and Auger spec-

troscopy, and compared with the respective literature

data. For some measurements, cesium was deposited

onto the sample surface by evaporation from a

commercia getter source to lower the work function.
This enabled us to extend the accessible energy

range to excitation energies down to 0.5 e/ above
E-. The effect of Cs on electron scattering is

negligible in the case of a crosspolarized experiment.
Within the present time-resolution, we did not ob-
serve any difference in the lifetime measurements on
a clean metal surface compared to a Cs/metal
surface in the overlapping energy region.

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

mbar) equipped with a
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pm, we estimate a pulse fluence of typically 1.5
pJ/cm? at the sample surface under these conditions
(temporal and spatial overlap).

3.3. The different read-out models

Fig. 4 shows a typica 2PPE spectrum of a
polycrystalline silver foil probed by only one beam.
The spectrum carries the signature of the electronic
band structure, the photon 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 6E of the inter-
mediate state E; above E. is given by: 6E =FE; —
E- =E,. + E., — hy, where E;,, represents the de-
tected kinetic energy of the photoelectron, E,.
symbolizes the work function of the sample, and hy
is the photon energy. The pump-probe experiments
are carried out by monitoring the number of elec-
trons at a given kinetic energy E,;, as a function of
delay between the pump and probe pulses (two pulse
correlation experiment). Fig. 5 shows a cross-corre-
lation trace from a Ta sample at an intermediate state
energy 6E=23.0 &V. The background originates from
emitted electrons excited by photons from a single
pulse (see left and right sides of Fig. 5). The
nonlinear character of two-photon photoemission

x104 Ag . , L
— . . % in
= .
S .
2 2x104 | ¢ .
.5 ,‘
= -
D -
N .
= .
[ . ‘0.
B OIx104 -
m *
R %
o~ . o‘
. ’,
0 »4000‘"' "'0000000000000000000
1 1 1 L
0 1 2 3
OE [eV]

Fig. 4. Two-photon photoemission spectrum of the flat Ag-valence band. The yield increases at lower energy due to the enhanced lifetime

and cascade processes.
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Fig. 5. Measured egual pulse cross-correlation trace obtained by
2PPE from a Ta sample at SE=3.0 eV.

(2PPE is a second-order process) leads to an increase
in the 2PPE yield when the pulses are spatially and
temporally superimposed, as seen at At=0 in Fig. 5.
As long as the two laser pulses temporally overlap,
an electron can be emitted by absorbing just one
photon from each pulse. When the pulses are tempo-
rally separated an excited electron from the first
pulseis still able to absorb a photon from the second
pulse as long as the inelastic lifetime of the inter-
mediate state exceeds the delay.

An experimenta 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 a
complicated convolution of the actual signal (decay
function) with the pump and probe pulses. The most
plausible and straightforward method for comparing
electron relaxation phenomena with theoretical hy-
potheses would be to compare measurements of
experimental data points with simulated relaxation
curves. By assuming a simplified mechanism prior to
the numerical evaluation, calculated points can be
constructed. The sum of the squared differences from
the measured points can then be minimized to obtain
least-squares estimates for the dynamical parameters
(e.g. T, and T,, see below) that are contained in the
model. However, one should be careful in interpret-
ing the experimental traces; the simplest mechanism
(e.g. a mono-exponential decay, cf. Fig. 2), which is

sufficient to fully describe the convoluted 2PPE-
traces, is not necessarily the correct one. For some
traces one can easily obtain a nearly perfect fit of an
oversimplified mechanism to the convoluted traces.
This a'so means that—unless independently obtained
evidence would support a particular mechanism—
parameters estimated from pump-probe results are to
be regarded only within the framework of that
particular mechanism and not as generally valid
characteristics of the fast and complicated electron
relaxation process on a metal surface.

For interpretation of the observed time response
we used a density matrix formalism which accounts
for energy and phase relaxation in a three-level
system on a phenomenological basis (Fig. 6). For the
propagation of the density matrix we use the Liouvil-
le-von Neumann equation. This equation follows the
common formalism of a density matrix and can be
seen as a quantum mechanical attempt to describe
the interaction of an electronic system with an
electromagnetic field [19]:

d I d diss.
a?= " plHeltge (%)

Here the density matrix p is defined by (p),m =
[n)(m| where n and m denote the different electron
states. The diagonal elements (p),, give the prob-
ability of the system being in state |n), while (p),m =
(p)* . represent the optically-induced coherence

excitation of
three level system

i 'mn,r’if

E(r) l‘“

bath
13

dissipation
of ghase and energy

) Wn

Fig. 6. System considered within the used density matrix formal-
ism. The disturbing Hamiltonian operator is given by the inter-
action of a three-level system with an electromagnetic field. The
dissipative terms are determined by the coupling to an externa
bath.
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between |n) and |m). The dissipative term d/dtp®>
describes the temporal decay of the respective ele-
ments of the density matrix due to coupling to an
external bath. The interaction with this reservoir
gives rise to energy and phase loss processes,
described by the population decay time T, and the
dephasing time T,, respectively.

The potential of the Liouville-von Neumann for-
malism for describing the three-step excitation mech-
anism of TR-2PPE was shown by Hertel et al., who
achieved a consistent description of the spectroscopy
(2PPE) and dynamics (TR-2PPE) of the (n=1)
image-potential states on a Cu(111) surface [20].
Also Bauer et a. successfully demonstrated the
capability of that formalism in their investigations of
photoexcited akali chemisorbates [21]. In addition,
Ogawa et a. succeeded in simulating the non-reson-
ant excitation of an image-potential state, as obtained
by means of interferometric TR-2PPE [22]. The
three-level model is, in principle, exactly valid for
describing a system of three discrete states. Hence,
the Liouville-von Neumann formalism is a smplified
representation of the real excitation process between
electron bands in a metal. Weida et a. have shown in
a recent publication that effects due to continuum
excitation in a metallic band lead to an attenuation of
the oscillatory envelope, which drastically influences
the reconvoluted dephasing time T, but do not affect
the measured inelastic lifetime T, [23].

In the case of a pure three-level system one
obtains a set of nine coupled differential equations.
Five free parameters are left, i.e. the decay of the
population of state |2) and |3) and the dephasing of
al three states (Fig. 6). The number of free parame-
ters is further reduced by the following assumptions:
(i) decay and dephasing of state |3) is set to zero
(inverse LEED state), (ii) dephasing of state |1) and
|2) is chosen as <2 fs. In the case of bulk electron
excitations in metals as investigated in this publi-
cation, and under our experimental conditions (exci-
tation pulse length), rapid dephasing of the excitation
process is a reasonable assumption. This reduces Eq.
(5) to the well-known rate equation model for a
population N(t, E) of the intermediate state:

d 1
EN(t' E)=A( E) - aN(t, E) (6)

Here A(t, E) is excitation-induced by the first (pump)

laser pulse and 7 (E)=T, the measured energy-
dependent relaxation time of the electron population
in the intermediate state |2).

34. Secondary electrons and transport effect

TR-2PPE probes the population decay of excited
electrons in a defined energy range resolution range,
limited by the finite energy resolution of the electron
analyzer. Since the systems and the experimental
modes are complex, we have to carefully consider
any additional processes besides the decay process
that might contribute to our measured signal. On one
hand, mixing of different processes might be consid-
ered as a disturbance. On the other hand, we should
be aware that any additional contribution to our
signal contains information about the system. Two
processes that give rise to additional contributions to
our TR-2PPE signal are the creation of secondary
electrons following the primary excitation process
induced by the laser, and transport of electrons away
from the probed surface region into the bulk.

34.1. Secondary processes

In addition to the photo-excitation of electrons into
the probed intermediate state, excited electron popu-
lations may be further increased by secondary pro-
cesses as a consequence of the primary excitation.
Thisis caused either by: (i) inelastic decay of excited
electrons from energetically higher-lying states (cas-
cade process) or (ii) relaxation of excited holes,
created during the primary excitation process by
means of an Auger decay.

According to Quinn, the electron loses about 66%
of its excitation energy during atypical collision [7].
Ritchie mentioned that this value decreases to 50% if
one takes the anti-symmetry of the electron’s wave
function into account [24]. At a typical photon
(excitation) energy of hy=3.3 &V, the highest excited
state probed in an experiment will be 3.3 e/ above
the Fermi level. Therefore, refilling processes due to
cascade processes in an energy range between 2 and
3.3 &/ should have only a minor effect on our
experiment. In addition Eq. (4) suggests relaxation
times in the range of only a few femtoseconds at the
high energy end, i.e. about 3 &/ in our experiment.
Considering the strong lifetime dependence which is
proportional to 1/6E2, refilling should be instanta-
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neous with respect to the intrinsic lifetime of the
state, even for excitations as low as 2 &/ above E.,
and should not significantly disturb the interpretation
of our results to a great extent. For lower excitation
energies, however, the effect on the refilling of an
energetic population by cascades increases and might
become substantial. Hence, in this energy range, the
measured relaxation time can be dominated by
cascade processes rather than by the lifetime of a
single excited electron.

Another source of secondary electrons is the
relaxation of the photoinduced holes by means of an
Auger decay. If the dynamical properties of the
electronic system are symmetric with respect to the
Fermi edge in the exchange of the electron and the
hole, then such a process should compete with the
measured decay channel on the same time scale as
the electron-induced secondary electrons, e.g. a
minor effect on high energy excitations with an
increasing disturbance of excitations close to the
Fermi edge.

One approach for including these secondary pro-
cesses in a theoretical description of the 2PPE
process would be to expand, for example, the rate-
equation model corresponding to the intermediate
state to

%N(t, E) = A®t E) — %N(t, E) + C(, E) + D, E)

()

where C(t, E) accounts for refilling due to the
cascade electrons and D(t, E) for refilling due to
electrons created by Auger decay of holes. Un-
fortunately, primary excitations and secondary pro-
cesses are essentialy indistinguishable in an experi-
ment. The strong deviation of measured cross-corre-
lation traces from model simulations, as observed by
Hertel et al. a a copper surface in a bichromatic
TR-2PPE experiment [3], might indicate such sec-
ondary processes. Simulations of cross-correlation
traces, taking these secondary processes into account,
have confirmed this interpretation [25,26]. The ex-
perimental data supported our assumption that the
deviations caused by these refilling processes be-
come important at about half the maximum excita-
tion energy and increase further as the Fermi edge is
approached.

34.2. Transport effect

The second factor which must be taken into
account is transport of the photoexcited electrons
away from the probed surface region. In our experi-
ment, this will reduce the photoelectron intensity
emitted by the probe pulse out of the surface region
and will set a lower limit for measured lifetimes by
TR-2PPE. For example, even if the electrons had an
infinitely long lifetime, there should still be an
experimentally measurable decrease in the photoel ec-
tron yield as a function of pump-probe delay time
due to the electron moving away from the surface
and out of the probe volume. Using a simple
approach, we might assume that a separate mecha
nism is responsible for decay and transport and,
therefore, sum the measured decay rates in corre-
spondence with Matthiessen’s rule

-t ®)
Tmeas. Tee Ttrans.

leading in any case to T, <7, Hence, the deple-
tion of an excited state population in the probed
region as a function of the time delay between the
two pulses depends on the intrinsic decay of the
excited energetic state and on transport.

Model calculations of the transport effect on
copper have been carried out by Schmuttenmaer et
a. [2] using a ballistic model and by Knoesdl et al.
[27], who took explicit band structure of different
copper surfaces into account. As expected from Eq.
(8), transport may actually induce a strong deviation
(reduction) of the measured lifetime compared to the
intrinsic inelastic lifetime, depending on the ratio
between T, and 7. The caculation made by
Schmuttenmaer et al. suggests a value of 30 fs for
Tyans- Based on this model, which assumes the
electron transport inside the bulk to be ballistic, 30 fs
can be taken as the lower limit for T, . Any
scattering process causes the electron to become
confined within the surface region, increasing the
effective transport time. Our own recent experimen-
tal and theoretica investigations (based on the
Boltzmann equation) of thin noble metal films
evaporated on insulator substrates actually indicate
the importance of this transport effect [26]. However,
it should be noted that these considerations are based
on a model implying static sample conditions. Fem-
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tosecond pump-probe experiments induce a highly
dynamical situation within the investigated material
where these assumptions may no longer be applic-
able. It is for this reason that, e.g. Ekardt and
coworkers questioned the existence of the transport
effect in femtosecond time-resolved 2PPE experi-
ments [28].

4. Experimental results and discussion

In this section, we present TR-2PPE measure-
ments selected to demonstrate that the lifetime of
electronic excitation in metals depends on the excita-
tion energy, screening effects, band structure, spin
polarization, dimensionality of the system, and the
morphology of the sample.

4.1. Excitation energy, screening effect, and
bandstructure

Fig. 7 shows the lifetimes determined from the
correlation traces of the TR-2PPE measurements as a
function of the electrons’ excitation energy 6E =
E — E- for a thin noble-metal film (silver, 30 nm
thick) and three transition metal films (iron, 20 nm;
nickel, 40 nm; and cobalt, 10 nm). There are three
points which we would like to emphasize:

(i) The lifetime of optically excited electronic states
in metals is short, typically in the order of only
few femtoseconds for SE>1.5 ev.

(ii) The lifetime, and hence, inelastic mean free path
is strongly energy-dependent. All curves show a
clear increase in the relaxation time = as E; is
approached. This trend can be explained by the
fact that, according to conventiona Landau
Fermi liquid theory, the available phase space
for scattering of an excited electron with elec-
trons from the ‘cold’ Fermi seais proportional to
1/8E2,

(iii) The data show that the lifetimes for transition
metals iron, nickel and cobalt are substantially
shorter than in silver. This can be explained with
a phase space argument. In comparison with the
noble metal silver, where the d-band is com-
pletely filled and localized well below the Fermi
energy, the d-bands of transition metals crosses
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Fig. 7. Measured relaxation times of excited electrons in different
metals plotted versus the energy of the electrons measured from
the Fermi energy. The solid line shows the Fermi liquid values for
Ag.

E- and, hence, are only partidly filled. Conse-
quently, the available phase space for electron—
electron scattering is increased. This shows that
the relaxation is dominated to a considerable
degree by the density of the occupied and
unoccupied states near E.

For transition metals, excitations of the strongly
bonded d-electrons near E- do not allow a qualitative
agreement with the Fermi-liquid theory (prefactor,
see Eqg. (4)). The monovalent noble meta silver,
however, seems to meet most of the requirements for
a degenerate, free electron gas. However, there may
be deviations from free electron behavior due to the
d-bands, located well below the Fermi edge but still
within the conducting band. Enhanced screening as
well as additional decay channels from, for example,
interband transitions due to the excitation of elec-
trons from the d-band into the sp-band, may be the
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result of this additional electronic structure. The
onset of the d-band of silver at 4 &/ below E. makes
this electron system the most suitable Fermi liquid
system of al the noble metals. At the excitation
energies SE below 3.4 &V, these states cannot be
involved in the decay process of the excited elec-
trons, at least with respect to interband transitions.
And indeed, the agreement with the Fermi-liquid
theory (solid line, r,=2.47, E.=8.22 &V, see Ref.
[17]) is evident. However, we still have to consider
transport effects in the 30-nm-thick film as will be
shown below.

4.2. Film thickness dependence of the relaxation
time 7

All the data points in Fig. 7 were plotted without
considering transport of the excited carriers out of
the surface region into the bulk as discussed in
Section 3.4. For transition metals, the lifetime in the
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investigated energy range is too short for transport to
play arole, but that might not be the case for silver.
As long as refilling processes (secondary electrons)
can be neglected, it should be possible to reduce or
even eliminate transport effects using films as thin as
the penetration depth of the laser light.

The relaxation of photoexcited electrons as a
function of energy for thin Ag-films with thicknesses
of 15, 20 and 30 nm are shown in Fig. 8. For
comparison, the bulk value of Ag is aso shown. The
epitaxial Ag(100) thin films were grown on air
cleaved MgO(100) single crystal substrates under
ultra high vacuum and monitored in-situ by LEED.
The MgO(100) single crystals were transferred into a
UHV chamber immediately after cleaving and
cleaned by heating to 1300 K for at least 4 h. The
epitaxial Ag(100) films were grown on these sub-
strates at room temperature. The thickness of the film
was controlled by a quartz crystal microbalance. This
procedure results in smooth, well-defined and orien-
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Fig. 8. (@ Measured relaxation times of excited electrons plotted versus the energy above the Fermi level for three different Ag film
thicknesses. For comparison, the bulk value of Ag is also shown. (b) 2PPE spectra for the three different film thicknesses.
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tated Ag(100) electrodes with sharp LEED patterns.
The photon energy used for these measurements was
3.3 &V. A clear difference in the measured relaxation
is visible below SE<1.6 €&V, indicating that in this
energy range, both the energetic decay of the opti-
cally excited electrons and transport reduce the
number of detectable photoelectrons. In Fig. 8b, the
2PPE-intensities for al three films are shown. A
distinct reduction in intensity with increasing film
thickness is observed, caused by strong diffusion of
the excited electrons out of the probed surface
region. For the thinner films the potential barrier, set
up by the insulating substrate on the reverse side of
the sample, reduces or even eliminates this diffusion
effect and traps the excited electrons within the
probed surface area. The intensity change is only
apparent for lower excitation energies and hence
longer inelastic lifetimes, where the electron mean
free path starts to exceed the respective film thick-
ness. Interestingly, we see also an increase in the
2PPE intensity for a 15-nm film compared to the
20-nm film, where we actually cannot find any
difference in the measured lifetime. These ex-
perimental data support the intuitive assumption that
the transport of excited electrons into the bulk affects
the measured lifetime in a TR-2PPE experiment.
Depending on the investigated energy region, it has
either no influence (high excitation energies) on the
experimental data or it dominates the measured
relaxation dynamics (low excitation energies in the
case of silver).

In comparison with the FLT, the real lifetime for
silver is the lifetime of the thin film, where any
transport effect can be excluded. Therefore, the
prefactor for silver is dightly higher than that
predicted by the FLT theory. For the data points
above 1.5 eV, the relaxation time may be increased
by increasing the refilling processes of the investi-
gated electronic states due to secondary electrons as
discussed in Section 2. The increased lifetime for
silver compared to FLT isin full agreement with the
ab initio calculation by Keyling et a. [17].

4.3. Jin-dependent electron dynamics in
ferromagnets

In Section 4.1, we have shown that the relaxation
is dominated to a considerable degree by the density

of the occupied and unoccupied states near E.. Due
to the exchange splitting in ferromagnetic materials,
the density of the occupied and unoccupied states
near E; is different for the two spin states of the
electron. Hence, the inelastic lifetime 7 of electrons
excited in ferromagnetic materials should be differ-
ent for majority-spin (1) and minority-spin ()
electrons. This has been discussed in the literature
for a number of years, but despite the fundamental
nature of a spin-dependent lifetime, the ratio 7'/
7' (E) has never been measured directly in a fer-
romagnetic material. Initial evidence that 7'#7'
stems from measurements such as the enhancement
of secondary electron spin polarization at low kinetic
energies [29-32]. More direct experimental infor-
mation is based on spin-resolved overlayer experi-
ments which investigate the spin-dependent transmis-
sion of electrons through ultrathin ferromagnetic
metal films [33,34]. Spin-dependent relaxation has
important implications, e.g. the interpretation of
spin-polarized spectroscopy of ferromagnetic materi-
als must take into account a spin-dependent transport
of excited electrons to the surface, known as the spin
filter effect [30].

Using time domain measurements, the inelastic
lifetime T, rather than the mean free path of the
excited electrons is probed. This may be more
appropriate for investigating the spin-dependent dy-
namics of excited electron relaxation mechanisms.
Adding a spin analyzer to the electron energy
analyzer of a conventional time-resolved 2PPE set-
up makes the separate but simultaneous measurement
of both spin states possible. The electrons at a fixed
energy are counted according to their spin in two
different channeltrons as a function of the time-delay
between the two pulses for a given magnetization
direction. To compensate for an apparatus-induced
asymmetry, the magnetization is then reversed and
the measurement is taken again. From the resulting
four datasets, the relaxation times 7'and 7' for
spin-up and spin-down electrons are extracted using
the same reconvolution method as discussed above.
Each pair of data points presented in the plots of this
section is the average of 8—10 single relaxation time
measurements.

Spin-dependent relaxation effects will be superim-
posed on the spin integrated (unpolarized) relaxation
time. Therefore, a spin dependence in the relaxation
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time can only be observed if the spin-integrated
relaxation time can be temporally resolved in our
experiment. As shown in Fig. 7, in the energy range
above 1.4 &/, we find for all three transition metals
relaxation times below our temporal resolution (<2
fs). On the other hand, at intermediate state energies
close to E., the electrons emitted by 1PPE processes
start to become important. They induce a large
background to the 2PPE signal and make an accurate
extraction of the lifetimes difficult. Therefore, spin-
resolved measurements can only be usefully per-
formed for intermediate state energies between 0.3
and 1.1 V.

In Fig. 9, the spin-dependent relaxation time for
electrons of Fe, Co, and Ni films are plotted. The
error bars in the plot represent the statistical scatter.
The experimental results of the three examined
ferromagnetic materials show two common facts: (i)
the lifetime for majority-spin electrons is aways
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found to be longer than the lifetime for minority-spin
electrons and (ii) the value for 7' /7' lies between 1
and 2. We observe the largest differences between
r'and 7' for Ni and Co, whereas for Fe, the
difference is dightly reduced. This qualitative be-
havior of the spin-dependent lifetime can be readily
explained by the excess of unfilled minority-spin
states compared to unfilled majority-spin states.
According to this simple model, the spin-dependence
of the scattering rate is larger for the strong fer-
romagnets Co and Ni than for the weak ferromagnet
Fe. This is in agreement with our measurements,
where only a small spin-effect could be detected for
iron. In Fe, this model would even predict a reversal
of the effect for low energies below 1 &V, i.e. the
lifetime for spin-down electrons should become
longer than the lifetime for spin-up electrons. A ratio
of 7'/7" below 1 is, however, not observed for
E — E-<1 &V. This indicates that the simple model,
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Fig. 9. Spin-resolved relaxation times for fcc Co(100), bec Fe(100) and Ni(100) films. For all three ferromagnets, the population of excited
minority-spin electrons decays faster than that of majority-spin electrons within the investigated energy range.
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considering the different number of empty electronic
states as the only decisive factor for a spin-dependent
relaxation time, is not adequate for a quantitative
interpretation of our experimental data.

4.4. Effect due to a change in the surface
mor phology

In metal nanoparticles, collective electronic oscil-
|ations—the so-called Mie-plasmons—can be excited
by light and are, therefore, detectable as a pro-
nounced optical resonance in the visible or UV parts
of the spectrum. In recent years, several linewidth
measurements and time resolved SHG autocorrela-
tion measurements on metallic (Au, Ag) nanoparti-
cles have been published, reporting a dephasing time
T, (also often called decay or damping time) of the
localized particle plasmon excitation in the order of
8-20 fs [35-37].

Much less is known about the physical mechanism
underlying the dephasing time T,. Depending on the
size, size distribution, shape, dielectric constant of
the surrounding medium etc., the following potential
mechanisms are: First, the plasmon can decay by
pure dephasing, e.g. a decay of the fixed phase
correlation between the individual electronic excita-
tions of the whole oscillator ensemble, described by
a pure dephasing time T%. Additiona mechanisms
may be scattering on surfaces or simple decay of the
collective mode due to inhomogeneous phase veloci-
ties caused by the spread of the excitation energy or
the local inhomogeneity of the nanoparticles. The

plasmon can also decay due to a transfer of energy
into quasi-particles (electron-hole pairs) or reemis-
sion of photons (radiation damping and lumines-
cence), described by T,.

We focus on the study of elliptically-shaped metal
nanoparticles with semi-axes of 40 by 80 nm and a
height of 45 nm. Silver nanoparticles are of special
interest as they can exhibit particularly strong size-
dependent optical extinction in the visible spectral
range (1.8—-3 &/) due to resonantly driven electron
plasma oscillations.

Elliptic-shaped metal nanoparticles show two dif-
ferent plasmon resonances which lie at different
wavelengths for light polarized parallel to the short
and long axes, respectively. Tuning the laser wave-
length to one of these two resonances allows us to
distinguish between resonance excitation and off-
resonance excitation (both are intraband processes)
by simply changing the polarization of the laser
pulse.

The samples investigated were produced in the
group of Professor Aussenegg, Karl-Franzens Uni-
versity in Graz. The two-dimensional array of nearly
identical, parallel oriented silver particles are de-
posited lithographically on a transparent 1TO sub-
strate which itself lies on a glass plate. Fig. 10
illustrates the geometry, size and the distances of the
particles in the array. In the following, the long half
axis of the eliptic particle is caled ‘a and the short
half axis is caled ‘b’. The whole sguare array
containing the particles has a size of 200 wm lateral
length. Electron beam lithography was used to define

200nm

I€ 200um

Fig. 10. Array of silver-nanoparticles deposited on ITO.
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Fig. 11. Measured extinction spectrum of the nanoparticle array.
The low- and high-frequency peaks correspond to the Mie
plasmons excited along the long and short axes of the elliptical Ag
particles, respectively.
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the metallic nanoparticles [38,39]. As particle shape
and interparticle distance can be varied independent-
ly, this method alows us to talor the optical
properties of single particles. Thus the resonance
frequency and the strength of particle interactions
can be changed independently. Thereby the optical
extinction maximum can be tuned to the desired
wavelength (in this case to the illuminating laser
wavelength of 415 nm).

Fig. 11 shows the two different resonances in the
extinction spectrum at w,=2.1 ¢/ and w,=2.95 éV.
Liebsch predictions that the Mie plasmon damping is
nearly independent of the resonance frequency [40]
is in good agreement with the measured FWHM of
the peaks in the extinction spectrum as shown in Fig.
11. For the long axis, AE(FWHM)=0.4 &/ and for
the short axis, AE(FWHM)=0.39 &V.

In Fig. 12, the FWHM derived from the auto-
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Fig. 12. Nanoparticles show a variation of the FWHM of the autocorrelation over rotating states of polarization while tantalum shows no
effect. In the inset, a typical autocorrelation measurement can be seen from which the data points have been derived.
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correlation 2PPE traces are plotted as a function of
the state of polarization relative to the long axis (h).
For comparison, the behavior of polycrystalline
tantalum is also shown. The FWHM for tantalum is
not affected by rotating the polarization angle of the
incoming light. Therefore, any effect caused by an
increase in the dispersion due to rotation of the half
wave plate can be excluded. For the dliptical Ag-
nanoparticles, however, a rotation of 90° reduces the
FWHM from almost 75 fsin the ‘b’ direction (short-
axis mode, resonant plasmon excitation) to 69 fs in
the ‘a’ direction (long-axis mode, off-resonant plas-
mon excitation). Further rotation of the polarization
to the long axis restores the long lifetime of the
plasmon excitation. One should be aware that these
FWHM values still include the autocorrelation of the
laser pulse width. The autocorrelation traces of
tantalum were measured at an intermediate state
energy E—E-=28 &V. In this energy range, the
lifetime of excited electrons in a transition metal is
less than 1 fs (Fig. 7) and hence, the traces obtained
for tantalum represent the pure laser autocorrelation
curve. Any increase in the FWHM in the auto-
correlation measurement for Ag nanoparticles com-
pared to the Ta values must be caused by a lifetime
effect of the optically excited electron system. It
might be tempting to conclude from the FWHM
results of Fig. 12 that on-resonance collective excita-
tion in general has a longer lifetime than excitation
far from resonance. According to Liebsch and co-
workers [40], the different damping rates obtained
under on- and off-resonance conditions, as shown in
Fig. 12, can aso be explained by different mag-
nitudes of radiation damping along the short and
long axis of the elliptical particles. This result is
consistent with the well-known fact that for spherical
particles, radiation losses become more pronounced
with increasing radius. Surface scattering plays arole
only at radii less than about 5 nm. Moreover,
Liebsch’'s theory predicts that collective plasma
oscillations within the nano-particles are subject to
the same microscopic Drude damping processes due
to phonons, impurities, electron—electron interactions
as off-resonance excitations [40]. None of these
inelastic scattering mechanisms is reduced or absent
if the electrons oscillate near the resonance excita-
tion.

5. Outlook

Over the last decade, TR-2PPE has become a
useful experimental method to study dynamical
processes of optically excited electrons on ultrashort
time-scales. These results are meant to be representa-
tive of experiments performed by an increasing
number of groups in this field.

In the last section of this paper, we will present
two novel timeresolved methods based on the
combination of femtosecond laser systems with
conventional surface analytical techniques. In par-
ticular, we will demonstrate the potential of time-
resolved PEEM (photoemission electron emission
microscopy) and timeresolved UPS (ultraviolet
photoemission spectroscopy). The experiments on
TR-PEEM are a result of a collaboration with the
group of Professor Schonhense at the University of
Mainz, whereas the TR-UPS experiment has been set
up in the group of Professor Murnane and Professor
Kapteyn at JLA/Colorado by one of the authors (M.
Bauer) during his postdoctoral period.

51 TR-PEEM

Over the last decade, there have been numerous
attempts to combine scanning probe microscopy and
femtosecond pump-probe techniques to realize an
ultrafast microscope with nanometer resolution [41].
To our knowledge, no satisfactory solution has yet
been presented. Our idea is to combine femtosecond
laser sources and a spatial resolving photoemission
technique (PEEM), to achieve this goal [42]. In this
way we are able to overcome one of the main
problems of TR-SPM which is the interaction of the
intense laserfield with the probe (e.g. tip, cantilever)
itself. The experimental scheme is almost identical to
a timeresolved 2PPE set-up (Fig. 3). The only
difference is that the energy discriminating electron
analyzer is replaced by a spatia (and optionally
energy) resolving photoemission electron micro-
scope. For a pump-probe scan, the PEEM-images are
taken at different temporal delays between pump and
prabe. Thus, for each image pixel an autocorrelation
trace is measured, representing the actual lifetimes
corresponding to electrons emitted from a specific
location on the sample. In this preliminary study, our
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goal was to prove the principle of this experimental
technique, that is, the observation of lifetime contrast
on a structured surface. The sample of choice for this
test phase was a GaAs substrate covered with a
periodic array of silver hexagons of microscopic
dimensions (Fig. 13a). The area between the hexa
gons left exposed interstitial GaAs. Whereas life-
times of optical excited electrons in metals lie
typicaly in the range of some tenths of femtoseconds
as has been shown above, the restricted phase space
for electron—electron scattering in semiconductors as
imposed by the existence of the bandgap, gives rise
to lifetimes of up to hundreds of femtoseconds (at
excitation energies >1 &/ above the conduction band
minimum) [43]. Thus, even in an energy integrating
mode, as used in this test phase experiment, suffi-
cient lifetime contrast is achieved. Fig. 13(a) shows
the static PEEM image as obtained by regular
threshold photoemission using a Hg-vapor lamp.
Image (b) represents the same observed by two
photon photoemission using our fslaser source.
Image (c) is the corresponding lifetime contrast
image obtained from a 2PPE pump-probe scan. The
brightness value of a pixel corresponds to the
FWHM of the autocorrelation trace and is an indirect
measure of the electron lifetime. The observed
contrast between the metallic and semiconductor
surfaces can be identified with the different dynamics
in the two materials. Note that in the center of the
image (c), essentially no contrast can be observed
between silver and GaAs in correspondence with an

enhanced photoemission yield in Fig. 13 (8 and (b).
This might be the result of contamination of the
GaAs intergtitial part with small silver clustersin this
boundary area as a result of the evaporation process.
In particular, for small silver particles, effective
coupling of the exciting laser light to localized
plasmons can enhance photoemission yields quite
significantly.

These first results demonstrate that the device is
capable of visuadizing lateral variations in the hot
electron lifetime on heterogeneous microstructured
sample surfaces. In genera, this method offers a new
contrast method for PEEM by the use of a fem-
tosecond pulsed light source. Even more importantly,
this technique is capable of examining the charac-
teristics of hot-electron dynamics on surfaces at a
potential spatial resolution of a few nanometers and a
time resolution of a few femtoseconds. In particular,
we expect that this technique is a new probe for the
physics of charge carriers in nanostructured and
low-dimensional systems (see also Ref. [44]).

52 TR-UPS

Up to this point, this paper has dealt exclusively
with methods used to probe the dynamics of electron
excitations at surfaces. This experimental method
may prove its use in the study of the surface
electronic dynamics that govern chemical surface
reactions. We pose the ultimate question: Would it
also be possible to monitor the chemical reaction

Laser

Hg-lamp a)

b) fs-image | )

Fig. 13. TR-2PPE microscopy of silver on gallium arsenide. (&) PEEM image of the micro-structured Ag layer (partly visible hexagonal
patches) taken with a mercury vapor UV lamp. (b) Image of the same area taken with the laser. () FWHM image extracted from a pump
probe scan. The brightness value of each pixel corresponds to the FWHM of the respective autocorrelation trace.



M. Bauer, M. Aeschlimann / Journal of Electron Spectroscopy and Related Phenomena 124 (2002) 225-243 241

itself on the time-scale of the nuclear motion of e.g.
a dissociation process? Fundamental time-scales of
chemical reactions are assumed to lie in the range of
vibration periods of chemical bonds, some tens to a
few hundreds of femtoseconds. A very promising
technique is time-resolved UPS: An ultrashort pump-
pulse initiates a chemical reaction at the surface, e.g.
a change in the chemical state. At a certain time-
delay At a photoemission spectrum is recorded,
reflecting the chemical state at At by means of
changes in the valence states (UPS). Successive
change in At will finally give a series of photo-
emission spectra representing—Ilike a movie—the
entire repeatable part of the course of the chemical
reaction. The challenging part of this experiment is
the pulsed photon source delivering photon energies
of at least >20 &V at a pulsewidth of a few tenths of
femtoseconds and at sufficient flux. Pulsewidth of
third generation synchrotrons are in the range of 100
ps and even pulses from next generation synchrot-
rons will till be in the picosecond timescale, not
capable of achieving the required time-resolution.
Recently, another technique to produce VUV light
has attained much interest, the technique of high
harmonic generation. The interaction of an intense
laserfield with atoms (typically noble gases) can lead
to quite efficient generation of ultrashort photon
pulsesin the EUV and XUV energy range. Maximum
photon energies close to 1 ke have been reported to
date [45]. Theoretically and experimentally it has
been shown that the pulsewidth of such a source can
lie in the sub-femtosecond regime [46]. In a recent
experiment it was possible to observe the change in
chemical state of molecular oxygen adsorbed on a
Pt(111) surface by combining high harmonic gene-
ration and photoemission spectroscopy [47]. The
experiment is shown in Fig. 14. We use an amplified
Ti:Sapphire laser system that generates 1.4 mJ, 800
nm, 25 fs pulses at 1-kHz repetition rate. The output
is split into two pulses (20%/80%) where one part
initiates the excitation of the oxygen (Pump). The
major part of the split pulse is used to generate the
(high harmonic) UV probe pulses. An energy of 40.5
&V (27th harmonic), selected by a multilayer mirror,
is used to probe the chemical state of the oxygen via
the valence states of the adsorbate-surface system.
The sample is mounted in an UHV-chamber and held
at a temperature of 77 K. One saturation layer of
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Fig. 14. Experimental set-up for femtosecond time-resolved UPS
using High Harmonics.

molecular oxygen is adsorbed on the surface. The
excitation of oxygen under these conditions (30 fs
pump pulse, absorbed flux: 1 mJ/cm?) occurs via
transfer processes of hot electrons from the substrate.
The response of such an excitation as reflected in the
UPS spectrum is shown in Fig. 15. The figure
represents the low energy part of the valence band at
binding energies of about 11 &/ to 3 &/ with respect
to E.. The left spectrum is taken without being
pumped as a reference. At time-zero (b) (temporal
overlap between pump and probe) no change in the
spectral part of interest can be observed; 250 fs later
(©), however, a peak appears at a binding energy of
about 6 eV. It is even stronger at about 500 fs (d). In
order to clarify that this observation is not the result
of a permanent change in the sample, another scan at
time zero is taken (€) which is essentially identical to
(b). More detailed scans reveal that the population of
this excited state takes about 550 fs (Fig. 16). From
comparison with static measurements as well as
theoretical work, the spectral changes can be clearly
related to a change in the chemica state of the
adsorbed oxygen. The data are interpreted in terms
of atransient excitation from a superoxo state of the
molecular oxygen into a peroxo state which goes
along with a reversible reorientation of the molecule
into the direction of the new transient equilibrium
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Fig. 15. Time-resolved photoemission spectra from a saturation layer of molecular oxygen adsorbed on a Pt(111) surface: (@ no pump
beam; (b) with pump beam, zero delay between pump and probe; (c) 250 fs delay between pump and probe; (d) 500 fs delay between pump

and probe; (€) repeat of (b), taken immediately after (d).

position. This would account for the observed tem-
poral delay of the appearance of the peak with
respect to time-zero. To our knowledge, these are the
first results where the nuclear motion of a chemical
reaction on a metal surface could be monitored in a
real time experiment.
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Fig. 16. Integrated amplitude of the transient valence band feature

(Fig. 15) as a function of pump-probe delay. A fit of the data
indicates an onset of 550140 fs.
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