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Abstract. The non-linear photoelectron spectra obtained by short laser pulses from a Ag(100) surface
show a high-energy electron emission due to an athermal electron distribution created by the laser pulse.
By comparing the photoemission at normal and non-normal emission geometry it is possible to evidence
the independence of the hot electron photoemission on the parallel momentum and on different final-
state configurations. A photoemission correlation measurement evidences that non-photoelectric effects, as
tunneling or thermally assisted photoemission, do not contribute to the electron yield. Various theoretical

models are discussed on the basis of the present data.

PACS. 79.60.-i Photoemission and photoelectron spectra — 73.50.Gr Charge carriers: generation, recom-
bination, lifetime, trapping, mean free paths — 78.47.4+p Time-resolved optical spectroscopies and other

ultrafast optical measurements in condensed matter

The dynamics of the non-equilibrium electron distri-
bution in solids, induced by excitation with ultrashort
laser pulses, has been widely investigated in the last
decade. Time-resolved two-photon photoemission (2PPE)
has contributed to the detailed investigation of the non-
equilibrium electron dynamics and has been crucial for
the understanding of the role played by electron-electron
and electron-phonon scattering in the relaxation pro-
cesses [1-3]. In addition, the femtosecond excitation of a
non-equilibrium electron distribution is a powerful tool to
study the problem of charge transfer between a metallic
substrate and adsorbate or polar molecules overlayers, a
relevant topic in modern femtochemistry [4].

Recently, higher-order multiphoton photoemission
processes has been recognized as an important extension
of 2PPE technique, increasing the energy range of the
unoccupied states that can be studied and providing in-
formation on the photoexcitation mechanisms [5-7]. Few
studies have investigated the influence of band structure
on this kind of processes, especially when above-threshold
photoemission is involved, a process in which the last mul-
tiphoton electron transition is entirely above the vacuum
level. The role played by the non-equilibrium electron dis-
tribution in the non-linear photoemission process has not
been entirely clarified and the role of the intermediate
states, especially in cases where no electron bulk band
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states are available, e.g. when the intermediate state fall
in a band gap, is not well understood and is a subject of
discussion [8].

In this report, we focus on the nonlinear photoemis-
sion of electrons excited so that the intermediate states
are within the extended band gap region along the (100)
direction of Ag. The photoemission spectra are obtained
by exciting the electrons by short laser pulses in a regime
where the equilibrium distribution of the bulk electrons
is negligibly perturbed and a small population of excited
electrons, whose equilibrium electron temperature is not
defined, is far from equilibrium. By comparing the photoe-
mission at normal and non-normal emission geometry it is
possible to evidence the independence of the hot electron
photoemission on the parallel momentum and from differ-
ent final and intermediate states configurations. A photoe-
mission correlation measurement evidences that nonpho-
toelectric effects, as tunneling or thermally assisted pho-
toemission, do not contribute to the electron yield. These
experimental evidences can be rationalized in terms of a
non-thermal electron population subject to interactions
such as phonon scattering [9], inverse bremsstrahlung pro-
cesses [10] or transient exciton formation [11] that quench
the dependence of photoelectric emission on electron mo-
mentum and band structure.

The photoemission experiments were carried out in a
ultrahigh vacuum system (pressure < 5 x 1071% mbar) at
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room temperature (300 K). The sample was an Ag crystal
cut along the (100) direction within 0.5° approximation.
A clean and ordered surface was obtained by standard
sputtering and annealing procedures. The light pulses
(hw = 3.14 eV, timewidth 130 fs, p-polarized) were ob-
tained by doubling the output of an amplified Ti:Sapphire
laser system. The size of the spot, about 300 x 300 ym?,
was chosen to have a high count rate minimizing space-
charge effects in the photoemission spectra. The kinetic
energy of the photoemitted electrons was measured by a
time of flight (ToF) spectrometer. The total energy res-
olution of the experimental set-up (laser linewidth plus
detector resolution) is 35 meV at a kinetic energy of 2 eV.

When a metal sample is excited by short light pulses
with a photon energy smaller than the work-function, dif-
ferent nonlinear photoelectric processes can contribute to
the photoemission spectrum. The typical appearance of a
nonlinear photoemission spectrum is reported in Figure 1
(black line). The final state energy of the electrons is mea-
sured from the Fermi energy Er, the emission angle is 30°
at normal light incidence. The 2PPE and 3PPE spectral
regions are indicated. A high-energy electron tail that de-
parts from the 2-photon Fermi edge is related to the pho-
toemission from a non-equilibrium electron distribution
excited in the empty bulk states. In this case the photoe-
mission mechanism is a 3PPE process [7,12].

A non-normal emission geometry implies that differ-
ent parallel momenta (kj) are associated with electrons
ejected with different kinetic energies Ej;,. The relation-
ship between k|| and the kinetic energy at ¢ = 30° emis-
sion is:

\% QmeEkin
h

k(A7) = sind = 0.256v/Epan (eV) (1)
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Fig. 1. Photoemission spectra measured at 30°
2 S . . .
emission angle (black line) and normal emission an-
3 gle (gray line). The red dashed line simulates the

step-like structure expected in the case of coherent
photoemission. The projected band structure along
the I'X direction of Ag(100) surface Brillouin zone
is shown (taken from Ref. [21]). A measured work-
function of 4.3 eV is reported.

where m, is the free electron mass. In the projected band
structure scheme, reported in Figure 1, the dependence of
the measured external kinetic energy on the parallel mo-
mentum is shown. The 3PPE kinetic energy region span a
k) interval between 0.3-0.5 A~1. As can be seen from the
band structure scheme reported, the spectra spans a par-
allel momentum interval where the final states cross the
border between the gap and the empty bands. The lack
of discontinuities in the photoemission spectrum near the
empty-bands crossing suggests a minor role played by the
final states in the 3PPE above-threshold process.

The structure of spectra taken at normal emission
(k| = 0), reported in gray in the figure, do not differ from
non-normal emission spectra, except for the presence of
image potential states (IPS), that can not be photoemit-
ted at large emission angles. The excited non-equilibrium
electrons populates IPS by scattering assisted indirect pro-
cesses, inducing an effective mass variation and electric
dipole selection rules violation [6]. The similar behavior
of the 3PPE regions at different k| is the signature of the
independence of this photoemission process on the avail-
ability of intermediate states.

According to the recent literature, three different pro-
cesses contribute to multiphoton transitions in a non-
linear photoemission process [13,14]. Coherent transi-
tions, when the intermediate state is a virtual state. Direct
transitions, when the intermediate state is a real state and
there is no change of the electron momentum parallel to
the surface sample (also referred to as resonant transi-
tions). Indirect transitions, when the electron momentum
parallel to the sample surface is not conserved during the
transition from the initial to the final state. The high-
kinetic electron tail detected in the reported spectra can
not be explained by a coherent photoemission because the
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expected step-like structure (see red dashed line in Fig. 1)
of the spectrum is not reproduced by experiments. More-
over, direct resonant dipole transitions between two levels
in the conduction band are not allowed in the dipole ap-
proximation. This follows from the energy and quasimo-
mentum conservation [9].

A plausible mechanism to explain the high-energy
electron tail is an indirect 3PPE process, mediated by
scattering events which change the kj-momentum of the
photoemitted electrons. In this picture the scattering me-
diated photon absorption creates a non-equilibrium elec-
tron population in the unoccupied bulk states at kj # 0,
where available states extend up to the vacuum level.
A scattering event is also responsible for the electron
k-momentum exchange necessary to the photoemission
process, as shown in Figure 1. The scattering mediated
absorption completely relaxes the selection rules and the
dependence on k|, thus explaining the similarity between
normal emission and non-normal emission spectra. This
interpretation is consistent with two recent theoretical
works that investigate the interaction of the laser field
with the excited non-equilibrium conduction electrons in
metals. Photon absorption is attributed to electron col-
lisions with phonons [9] or to an inverse bremsstrahlung
process [10].

Our findings can be explained also by the creation of
transient excitonic states, through multi-photon absorp-
tion. It was speculated that the observed states in band
gaps are caused by an attractive interaction between the

the phonon gas.

photoelectron and its localized hole in the d bands, due
to the finite time it takes the valence band electrons to
screen the photohole [15]. Successive theoretical models
confirmed this possibility [11]. In this case the interme-
diate electron states are given by the transient excitonic
levels created by the laser photohole production. We note
that all the proposed models [9-11] are based on ab initio
results, without invoking the so-called transport correc-
tion [8,16].

To investigate the origin of the athermal part of the
excited electrons, a photoemission autocorrelation is used,
i.e. electron spectra are measured as a function of the de-
lay between two identical pulses. Differently from a pump
and probe experiments, where the electron population is
excited (without photoemission) by the optical pump and
emitted by the probe pulse, in photoemission autocorrela-
tion both pulses produce a complete electronic spectrum.
The correlation of identical pulses via the photoemitted
nonlinear spectra gives information on the relaxation dy-
namics, the nonlinear order of the photoemission process,
and gives indication on the dependence on non photo-
electric effects, such as tunneling processes and thermally
assisted photoemission [17].

In Figure 2 the spectra as a function of the delay be-
tween two collinear pulses are shown. Normal light inci-
dence prevents artifacts due to different absorption coef-
ficients from the cross polarized beams. It is important
to note the difference of about 4 order of magnitude in
the 2PPE and 3PPE yields. In order to obtain reasonable
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electron statistics in the 3PPE region, the typical duration
of each spectrum collection is several hours. As a conse-
quence, fluctuations and drifts of the laser intensity result
in a scattering of the non-linear photoemission intensity,
which can not be totally compensated by renormalization
to the mean incident power.

Previous pump and probe measurements [18,19] of the
thermalization of the non-equilibrium electron population
were performed on a polycrystalline metal film irradi-
ated by femtosecond laser pulses, with an incident fluence
larger than 1 GW /cm?. In this case, the absorption of the
e.m. field energy resulted in a strong perturbation of the
equilibrium electron distribution, with an electronic tem-
perature increase up to 400 K. On the contrary, our mea-
surements are carried out with a laser intensity of about
one order of magnitude lower. For this reason the equilib-
rium electron distribution is weakly perturbed after the
absorption of the laser pulse. The temperature increase of
the 2PPE Fermi distribution in the time resolved spectra
shown in Figure 2, due to energy exchange between the
photoexcited electron population and the bulk-electrons,
is at most few tens degrees. The 2-photon Fermi edge of
the spectra at various delays is fitted with a Fermi-Dirac
function convoluted with a Gaussian function, to take into
account the apparatus resolution. The temperature in-
crease of the equilibrium electron distribution, measured
when the delay exceed the laser pulse duration, is about
20 K. The calculated Fermi temperature using the two-
temperature model is ~345 K after a single laser pulse, a
value compatible with that measured in this work.

In Figure 3 the electron yield from the 2PPE and 3PPE
spectral regions is shown as a function of the delay. To
measure the nonlinearity of the photoemission process in
each spectral region, the electron yield vs. laser fluence (I)
is reported in the inset. The electron yield in the Fermi
edge 2PPE region (1.66 < Ej;, < 1.88) has a I? power
law dependence on laser fluence, as expected for a 2PPE
process. The electron yield in the 3PPE region (2.18 <
Egin < 3.5) has a I? dependence on fluence, in agreement
with the result reported in reference [12]. Since each region
has a different photoemission nonlinearity, to compensate
for laser intensity drifts, we normalized the electron yield
using the mean laser intensity (Ip) to the corresponding
power law dependence (I for 2PPE and I3 for the 3PPE
regions).

The autocorrelation of the photoemission yield from
each region shows an instantaneous response to the laser
excitation on the temporal scale of the pulse timewidth.
This result confirms that, within the pulse duration, the
laser electric field coexists with a non-equilibrium electron
gas which is thermalizing through electron-electron scat-
tering on the same timescale. An estimate of the scattering
rate 7 of the electron gas averaged over the 3PPE region,
using the Fermi liquid theory [22], gives a mean scattering
time of (7) ~ 23 fs. This value is compatible with a decay
time of the non-equilibrium population shorter than the
130 fs pulse timewidth.

In the 2PPE spectral region the ratio between the mea-
sured intensity at At = 0 (Ip o< |Epump + Eprovel® =
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Fig. 3. The photoemission integrated intensities are plotted
versus the delay time between the pump and the probe pulses.
The pump and probe measurements are carried out at normal
incidence and at an angle of 30° between the detector and
the normal to the sample surface. In the inset the integrated
intensities for the Fermi (diamonds) and high-energy electron
(triangles) regions are plotted versus the incident laser fluence.
In order to estimate the non linearity order (n), the data are
fitted with a power function.

4E}, ) and the background intensity, measured at At =

300 fs (I |Epump|2 + |Emobe|2 = 2Efmmp) is 1.85, com-
patible with the value 2 for a second order process. In the
3PPE spectral region the Iy/I ratio is 4.6, compatible
with the value 4 for a third order photoemission process.

The close correspondence between the non-linearities
measured by laser electron vs. fluence yield and autocor-
relation peak to background contrast ratio (PBCR) is an
indication that temperature assisted processes are negli-
gible. In fact, a thermally assisted photoemission could
result in a dependence of the electron yield on electron
temperature. Since the time scale of electron temperature
relaxation is one picosecond, this could result in a yield
increase on the wings of the autocorrelation and a modifi-
cation of the PBCR for delays smaller than the electron-
lattice relaxation constant [17,20]. Ruling out thermally
assisted processes is important in view of the proposed
models to explain short pulse photoemission: both scat-
tering assisted photoemission and transient exciton for-
mation are extremely rapid processes, on the scale of few
tens of femtoseconds, that are decoupled from the electron
thermal bath.

The reported results confirms that the non-equilibrium
electron population created by a laser pulse at very low
laser intensities (I ~ 0.1 GW/cm?) on Ag single crystal,
perturbs in a negligible way the equilibrium bulk electron
system, which behaves as a thermal bath. For this reason
the recently reported variations of the properties of the
indirectly populated IPS [6], such as a difference in the
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effective mass, can not be attributed to a perturbation
of the properties of the equilibrium electron distribution.
The physical mechanism responsible for these variations,
has to be found in the population mechanism or in the
interaction of electrons in IPS with the non-equilibrium
population.

In conclusion, the photoemission from the ather-
mal electron gas is due to a pure photoelectric process
where forbidden dipole transition in sp bands are allowed
through phonon scattering or through intermediate tran-
sient state formation by excitonic mechanisms. The ab-
sence of thermal contribution is confirmed by photoemis-
sion autocorrelation measurements.
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