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Femtosecond dynamics of the model-like adsorption system Cs/Cu�111� is probed by two-photon photoelec-
tron spectroscopy �2PPE� using phase-modulated �chirped� laser pulses. The experimental data are quantita-
tively modeled within a wavepacket propagation approach under explicit consideration of the adsorbate mo-
tion. The results enable us to assign characteristic chirped-pulse 2PPE features to the ultrafast adsorbate
dynamics associated with the excited state lifetime and the adsorbate motion, and to improve on the qualitative
interpretation of experimental data as published in Petek et al. �J. Phys. Chem. A 104, 10234 �2000��. Our
results show that nonlinear photoemission with a chirped pulse in a single-pulse scheme can complement
real-time studies based on pump-probe schemes to gain quantitative insights into the femtosecond dynamics of
ultrafast surface processes.
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I. INTRODUCTION

The ultrafast dynamics of surface localized electronic ex-
citations has been studied intensively in the past particularly
due to its relevance for the understanding of fundamental
aspects regarding surface chemical processes.1 Within nu-
merous two-photon photoemission �2PPE� studies and time-
resolved 2PPE �TR-2PPE� studies, dephasing, and popula-
tion decay of such excitations have been addressed with a
temporal resolution in the femtosecond range �for an over-
view see, for instance, Refs. 2–6�. Image-potential states
supported by localized band gaps of metallic surfaces yield a
model system very attractive in this context as they can be
studied in the frequency domain as well as in the time do-
main. Well prepared surfaces support such image-potential
states, which are barely distorted by inhomogeneous broad-
ening effects, so that a linewidth analysis can provide valu-
able information about the total dephasing time of these
excitations.7–9 The relatively long lifetime of image potential
states makes also real-time measurements highly attractive,
which enable one to discriminate between pure dephasing
processes and the inelastic decay of the excitation.10–12 Ad-
sorbate excitations, in contrast, often exhibit a considerable
inhomogeneous contribution to the line profile so that life-
time measurements in the frequency domain are very re-
stricted. Furthermore, under chemisorption conditions, the
strong coupling of adsorbate excitations to the substrate low-
ers the typical lifetime into the low femtosecond to attosec-
ond regime. This time regime is, yet, challenging for real-
time measurements based on conventional optical pump-
probe schemes.

In a recent study of the model adsorption system Cs/
Cu�111� Petek et al.13 showed that phase-modulated femto-
second laser pulses used in a 2PPE experiment can probe
ultrafast processes in the adsorbate-surface interaction in a
complementary manner. A characteristic response of the
spectral signatures of a Cs� resonance state to the phase ap-
plied to the laser pulse was attributed to the effect of the

cesium adsorbate motion taking place on a femtosecond time
scale. Even more, the authors interpreted their data in terms
of a quantum control of the adsorbate wavepacket by the
phase modulation of the excitation pulse.

In the present study, we report on a joint theoretical-
experimental study of 2PPE from Cs/Cu�111� with phase
modulated femtosecond laser pulses. The theoretical model
is based on a wave-packet propagation model that has been
successfully applied in several works to the description of
ultrafast processes of alkali adsorption systems in the past.
Our calculations are complemented by 2PPE experiments,
which were performed over an extended phase modulation
regime in comparison to Ref. 13. In addition to group-
velocity-dispersion �GVD� effects, we considered third-
order-dispersion �TOD� effects, following an earlier 2PPE
study of the Shockley Surface state of Cu�111� using chirped
laser pulses where the importance of TOD has been
evidenced.14 The experimentally observed changes in the
peak energy of the Cs� resonance state as function of the
applied phase modulation are quantitatively described by
theory in a highly satisfactory manner. We find that the 2PPE
signal contains substantial information on the femtosecond
dynamics associated both with the decay of the Cs� reso-
nance state and with the Cs nucleus motion induced by the
excitation. 2PPE experiments �in a single-pulse scheme� with
phase-modulated laser pulses obviously provide an addi-
tional means to study ultrafast surface processes complemen-
tary to two-pulse correlation experiments. Furthermore, the
high sensitivity of the present approach for the short reso-
nance lifetimes that we observe in the calculated 2PPE spec-
tra indicates that this technique can provide a temporal res-
olution in the low femtosecond regime.

II. EXPERIMENTAL

A. Experimental setup

Details of the two-photon photoemission experiment us-
ing phase-modulated �chirped�15 laser pulses �hereafter re-
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ferred to as “chirped-pulse 2PPE” or CP-2PPE� as well as a
complete determination of the laser pulse characteristics are
described in Ref. 14. Figure 1 shows the scheme of the used
experimental setup. A mode-locked Ti:Sapphire laser deliv-
ers linearly polarized, transform-limited pulses �center wave-
length: 795 nm, spectral width: 46 nm full width at half
maximum �FWHM��, which are frequency doubled in a beta
barium borate crystal �200 �m thickness� to 399 nm �h�
=3.11 eV�. The bandwidth of the frequency doubled
�second-harmonic generation �SHG�� light is 8.7 nm FWHM,
supporting a transform-limited pulse duration of �TL�27 fs.

The spectral phase modulation of the SHG pulses is
achieved by the use of a Fork prism pair setup.16,17 This
scheme can be considered as a single-parameter phase modu-
lator that allows a defined control of the second-order spec-
tral phase GVD accompanied by a simultaneous change in
the TOD �Ref. 18� of the pulses by a translation �h of prism
A with respect to the laser beam as indicated by the arrow in
Fig. 1. In the experiment, fused silica prisms are used with
an apex angle of 68.7°. A separation of the two prisms of
51 cm guarantees a zero net GVD of the pulses at the sample
position in the ultrahigh vacuum chamber when the beam
passes the center of the adjustable prism A. In the following
this prism position is referred to as the zero position �i.e.,
GVD��h=0 mm�=0 fs2�. A translation of prism A by
�h= �1 mm results in a net GVD of �368 fs2,19–22 where
positive values for �h correspond to an increase of glass in
the beam and positive net GVD. Overall, a total GVD range
of �1500 fs2 can be spanned with the Fork prism pair con-
figuration. The third-order dispersion of the pulses at the
sample position has been determined following a fitting pro-
cedure described in an earlier publication.14 At the zero
position of the fork prism pair, the pulses exhibit a TOD
=−8000 fs3 �in the following this value is referred to as
TOD0�. A translation of prism A by �h= �1 mm results in a
change in the TOD contribution by �114 fs3. Overall, the
spectral GVD and TOD phase modulation ��� ,�h� of the

femtosecond pulses passing through the Fork prism setup at
the sample can be expressed as a function of the prism trans-
lation �h as follows:

���,�h� =
1

2
��h · 368 fs2/mm� · �� − �0�2

+
1

6
��h · 114 fs3/mm − 8000 fs3��� − �0�3,

�1�

where �0 is the angular frequency corresponding to 399 nm.
Two-photon photoemission intensity maps were recorded

as a function of the applied spectral phase using a 150 cm
hemispherical energy analyzer �SPECS Phoibos 150� at an
energy resolution set to 20 meV and an angular resolution set
to 0.15°. The electrons were collected with a two-
dimensional �2D� detection unit consisting of a microchannel
plate, a phosphor screen and a charge coupled device cam-
era, delivering energy and angular-resolved 2PPE intensity
maps. The detector is able to record in parallel the electron
emission at emission angles between �7° without rotation of
the sample. For data analysis, 2PPE energy-distribution
curves �EDCs� at k� =0 Å−1 �normal emission� were ex-
tracted from 2PPE intensity maps after normalization and
integration over an emission angle regime of �3°.

The Cu�111� surface was cleaned by successive sputtering
�up to 10 min at 0.5–1.0 kV� and annealing �15 min, 800 K�
cycles. The surface quality of the crystal was checked by
low-energy electron diffraction and by the two-photon pho-
toemission characteristics �energy and spectral width� of the
Shockley surface state �SS� of the Cu�111� surface. For these
reference measurements, a different Ti:Sapphire laser system
exhibiting a narrow bandwidth emission �FWHM=3 nm at
419 nm, supporting a transform-limited pulse duration of
�TL�87 fs of the SHG light� was used. All 2PPE measure-
ments were performed at room temperature.

B. Cesium adsorption

The adsorption of alkali atoms on metal surfaces has been
investigated thoroughly in the past.23 In the context of the
dynamics of charge-transfer processes, cesium adsorption on
noble metal surfaces has attracted considerable attention be-
cause of the formation of an exceptionally long-lived reso-
nance, first reported for the Cs/Cu�111� system.6,24–28 The
Cs� resonance corresponds to the transient capture of an
electron in a 6s-6p hybrid state by a positively charged Cs+

adsorbate. The excited state decays by electron transfer to the
substrate either via a resonant one-electron transfer or via
multielectron interactions. The latter process is dominant in
the Cs/Cu�111� system.6,26,27 In the limit of the adsorption of
an individual cesium atom on a noble metal, the resonance
energy ERes is about 3 eV above the Fermi energy, almost
independent of noble metal species and surface
orientation.29–31 With increasing Cs coverage, the resonance
energy shifts toward the Fermi energy, a behavior arising
from the interaction between the excited Cs� state and the
dipole layer formed by the surrounding alkali adsorbates.26 It
is this excited resonance state that is considered in the

UHV Chamber

Nd:YVO4 and mode-locked Ti:Sa
9.2 nJ, 795nm, 76MHz

UHV Chamber

Nd:YVO4 and mode-locked Ti:Sa
9.2 nJ, 795nm, 76MHz

SHG Cs/Cu(111)
sample

2PPE

399 nm

A

SHG Cs/Cu(111)
sample

2PPE

399 nm

A

2d hemispherical

�h
A

B

2d hemispherical

�h�h
A

B

Fork prism pair
2d hemispherical
energy analyzerFork prism pair
2d hemispherical
energy analyzer

FIG. 1. �Color online� Experimental setup used for the CP-2PPE
measurements. GVD and TOD of the SHG laser pulses are adjusted
by the translation �h of the first prism �prism A� of a fork prism
pair. The chirped pulses are focused onto the Cs/Cu�111� sample in
an UHV chamber. The photoemitted electrons are detected with a
2D hemispherical electron energy analyzer.
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present study to address details of the adsorbate excitation
dynamics using phase modulated laser pulses.

In the experiment the Cs was deposited from a well-
degassed �24 h� resistive heated getter source. The total cov-
erage was determined from the change in the low-energy
onset of the 2PPE EDC of Cu�111� arising from the change
in the surface workfunction induced by the adsorbed Cs.32

All presented experiments were performed at a Cs coverage
of approximately 0.02 ML. The projected surface band struc-
ture including the 2PPE excitation pathways relevant for this
study is shown in Fig. 2�a�. A 2PPE EDC recorded for van-
ishing GVD of the excitation laser pulse is shown in Fig.
2�b�. Two peaks are visible in the EDC. The low-energy peak
can be assigned to direct 2PPE from the minimum of the
dispersive Shockley surface state band at k� =0 Å−1, the
high-energy peak is due to photoemission from the excited
Cs� resonance. Note that the position of the Fermi edge at
EF+2 h� in the 2PPE spectrum can alter the Cs� peak shape
by cutting off the high-energy tail of the spectrum. We chose
a Cs coverage, as seen in Fig. 2�b�, for the following reason:
The excitation of this surface at 399 nm gives rise to a two
peak structure in the EDC, which can be well analyzed and
separated by a two-peak fit and which allows an independent
analysis of these two different excitation processes. The di-
rect 2PPE from the surface state band bottom and its spectral
response to the GVD/TOD phase modulation of the excita-
tion laser pulse has been studied in detail in Refs. 14 and 33.
In the present work, we concentrate on photoemission via the
transient Cs� state with emphasis on how the dynamics of the
Cs� intermediate can be revealed by the 2PPE process with a
single chirped laser pulse.

III. THEORETICAL MODEL

The present theoretical study is based on a wave-function
approach, in which the Cs motion and the exciting laser

pulse are treated explicitly. Details about this procedure can
be found in Refs. 34 and 35, which treated the effect of the
Cs motion on a TR-2PPE signal and photodesorption. We
consider three electronic states of the system, the initial elec-
tronic state, 	init,Ei

, of energy Ei, the resonant state localized
on the Cs adsorbate, 	Cs� and the final state corresponding to
the photoemitted electron at energy Ef, 	 f ,Ef

. The time-
dependent wave function of the system is then written as

�
� = �init,Ei
�Z,t��	init,Ei

� + �res�Z,t��	Cs��

+	 dEf�Ef
�Z,t��	 f ,Ef

� . �2�

The amplitudes in front of the electronic wave functions de-
pend both on time and on Z, the Cs-surface distance. In the
initial state, before the laser pulse, the Cs is in one of the
vibrational levels, v, of the Cs-Cu adsorption well centered
at ZAds �energy En and wave function X��Z��. The above
wave function then describes the photoemission from a given
electronic initial state and from a given initial vibrational
level of the Cs-surface motion into the continuum of photo-
emitted electrons.

The time-dependent Hamiltonian of the system is written
as

H�t� = TZ + Hel + ��t�D , �3�

where TZ is the kinetic energy operator for the adsorbate
motion along the Z coordinate. Hel is the electronic part of
the Hamiltonian. D is the dipolar operator for the coupling
between electronic states induced by the laser field. ��t� is
the time-dependent laser field. In the present case we use
single phase-modulated Gaussian laser pulses as prepared in
the experiment using the fork prism pair setup. ��t� is calcu-
lated from a numerical inverse Fourier transform of the spec-
tral phase modulated laser field ��� ,GVD,TOD� given by

���,GVD,TOD� = �0,Gauss���e−i���,GVD,TOD�. �4�

�0,Gauss��� is a Gaussian peak of 8.7 nm bandwidth and
��� ,GVD,TOD� is the spectral phase modulation deter-
mined from our earlier analysis on the 2PPE of the Cu�111�
surface state �see Eq. �1��.14

The electronic Hamiltonian Hel is represented as a diago-
nal operator in the basis of the three electronic states defined
above

Hel = �V0�Z� + Ei��	init,Ei
�
	init,Ei

�

+ �Vres�Z� −
i

2
res�Z���	Cs��
	Cs��

+	 dEf�V0�Z� + Ef��	 f ,Ef
�
	 f ,Ef

� , �5�

where V0�Z� is the potential energy curve for the Cs adsor-
bate in front of the Cu�111� surface. Vres�Z� is the potential
energy curve for the Cs� resonant state in front of the surface
and res�Z� is the decay rate of the Cs� resonant state. De-
scribing the decay of the excited state by a complex energy is
not fully accurate; it may differ at extremely short times36

and does not properly account for the repopulation of the
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FIG. 2. �Color online� �a� projected electronic structure of Cs/
Cu�111� including the relevant 2PPE excitation pathways; �b� EDC,
integrated over an emission angle range of �3° and measured with
a phase modulation of GVD=0 fs2 and TOD=−8000 fs3. Arrows
indicate the positions of the Cs� peak maximum, the Shockley sur-
face state peak maximum and the high energy cutoff of the 2PPE
spectrum at EF+2h�.
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ground state.37 However, the latter point does not play a role
here, where only low intensity laser pulses are considered.

The three electronic states depend on Z, the adsorbate-
surface distance �see Fig. 3�. If we assume that the laser field
intensity is weak enough to allow the use of a perturbation
treatment, then the excited state amplitudes are given by the
following time-dependent coupled equations in the rotating
wave approximation:

i
��res�Z,t�

�t
= �TZ + Vres�Z� −

i

2
res�Z���res�Z,t�

+ ��t�
	Cs��D�	init,Ei
�Xv�Z�e−i�Ei+Ev�t

i
��Ef

�Z,t�

�t
= �TZ + V0�Z� + Ef��Ef

�Z,t� + ��t�

�
	 f ,Ef
�D�	Cs���res�Z,t� . �6�

The dipolar couplings between the initial and resonant, and
between resonant and final states are supposed to be inde-
pendent of the initial and final energies and of the adsorbate-
surface distance. This simplification in the treatment is
linked to the rather limited range of energies that are probed
in the studied situation; typically it is in the 200 meV range
as given by the width of the Cs� photoemission peak �see
below Fig. 12�. Similarly, the range of Cs-surface distances
that actually contribute in the present experiment is limited;
it is typically given by the spread of the adsorption distances
in the initial state and it is not expected to lead to large
variation in the dipolar couplings. The Eqs. �6� are then
solved by time propagation for a set of initial states �vibra-
tional level v and initial electronic energy Ei�. The signal for

photoemission of an electron at energy Ef for a given initial
state is then given by

Signal�Ei,v;Ef� =	 dZ�� f ,Ef
�Z,Tf��2, �7�

where Tf is a time long after the laser pulse. The potential
energies and width entering in the above equations were
taken from our earlier study on the static Cs�-Cu�111�
system.26,27,34 The present theoretical approach is then
parameter-free with the laser pulse shape known from an
independent study. The Z dependence of the amplitudes was
described on a grid of 1024 points. Typically the number of
initial and final states involved in the calculations was in the
30–50 range. The success of our earlier description of two
pulse photoemission,34 in particular, in accounting for the
dependence of the TR-2PPE signal on the laser
characteristics38 gives confidence in the present approach
and in the Cs/Cu�111� data to represent the dynamics of the
system.

The energy spectrum of emitted electrons for a given ex-
perimental situation can be obtained from Eq. �7� by sum-
ming incoherently the contributions from the various pos-
sible initial states

Sp�Ef� =	 dEi
v

Pv�T� Signal�Ei,v;Ef� . �8�

The initial vibrational level population, Pv�T�, is given by
the substrate temperature T. In the results shown below we
assumed that the initial electronic state belongs to a broad
band, i.e., that the initial electronic state that is resonantly
coupled with the Cs� state at ZAds at the laser central fre-
quency �0 is not close to the edge of a band. The sum over
Ei is then taken symmetrically around this resonance condi-
tion. Actually, in the present case, only the cutoff at the
Fermi energy plays a role in this integration. One can stress
that in the case where the Cs� state is resonantly coupled at
the laser central frequency �0 with the bottom of the surface
state, the above summation over initial states would be
asymmetric and would only contain terms above the reso-
nance condition. The present theoretical study only includes
photoemission through the Cs� state, it does not include di-
rect two-photon photoemission from the surface state and
thus, it only describes the peak labeled Cs� in Fig. 2. Two
features in the computed and experimental energy spectrum
Sp��� are determined: the position of the maximum and the
full width at half maximum of the spectrum. These are dis-
cussed in more detail below.

One can stress the characteristics of the present approach,
based on a wave-function representation. It does not incor-
porate completely the effect of the interaction of the system
with the thermal bath of bulk electrons. In particular, it does
not include the so-called pure dephasing process �coherence
decay without population decay induced by the interaction
with the electron bath� that is usually introduced phenom-
enologically via a T2

� time in TR-2PPE modeling using, e.g.,
Bloch optical equations.3 However, as discussed in Ref. 34,
there are several sources of pure dephasing in this system
and two very efficient sources are taken into account in the
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FIG. 3. �Color online� Potential energies used in the present
work �adapted from Ref. 35� for Cs adsorbates in front of a Cu�111�
surface, as functions of the adsorbate surface distance measured
from the surface image reference plane. Full black line: V0�Z�, ad-
sorption potential of the Cs+ ion, the potential is normalized at zero
at infinity. Dashed red line: Vres�Z�, excited potential energy curve
of the Cs�-Cu�111� system, the excitation corresponds to taking an
electron from the Fermi level and bringing it into the lowest unoc-
cupied adsorbate orbital.
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present approach. The summation over the complete set of
possible initial states as well as the time dependence of the
Cs� state energy because of the adsorbate motion introduce a
loss of coherence in the system which was actually found to
account for the dephasing experimentally observed in this
system �see discussion in Ref. 34�. Though we cannot rule
out a dephasing effect because of the Cs� interaction with the
surface thermal bath since we did not evaluate it, we can
infer from the results in Ref. 34 that it is not dominating the
coherence decay in this system, giving confidence in the
present approach.

IV. RESULTS AND DISCUSSION

In the following main section of this paper we will start
with a presentation of the experimental chirped pulse data of
the Cs/Cu�111� system with an emphasis on the changes in
peak energy and peak width of the Cs� resonance in the
2PPE spectrum as function of the applied GVD. These data
will then be interpreted by a comparison with our model
calculations under consideration of Cs� resonance lifetime
and Cs nucleus motion. Within the calculation it is possible
to selectively activate and deactivate the different processes
involved in the complex adsorbate excitation process. This
enables us to identify the relevant mechanisms responsible
for the observed changes in the experimental traces. The im-
pact of the adsorbate dynamics on peak energy and on peak
width will be addressed separately.

1. Chirped pulse 2PPE experimental data of Cs/Cu(111)

Figure 4 compares 2PPE data of Cs/Cu�111� recorded
with 399 nm light pulses exhibiting a vanishing GVD
�TOD=−8000 fs3� and 2PPE data recorded with GVD

=−883 fs2 �TOD=−8274 fs3�. In the 2PPE intensity maps
�Fig. 4�a�� the nondispersing contribution from the Cs� reso-
nance at a final state energy of about 6.05 eV as well as the
upward dispersing contribution from the Shockley surface
state at the bottom of the color-coded intensity band are
clearly resolved. For better comparison, the two intensity
maps were normalized to the Cs� peak maximum intensity.
Clear differences are observed, demonstrating the sensitivity
of the 2PPE spectrum to the chirp of the excitation pulse.
The corresponding EDC at k� =0 Å−1 shown in Fig. 4�b�
underscore the distinct effect caused by the modulation of
the spectral phase on the 2PPE process. The Cs� photoemis-
sion peak undergoes a downward shift in energy in response
to the negative GVD/TOD and its width also slightly nar-
rows. In contrast to this, the direct 2PPE from the surface
state is reduced in amplitude with respect to the Cs� reso-
nance, broadens and exhibits an upward shift in energy. In
effect, the SS peak becomes much less visible in the flank of
the Cs� peak.

Next we will present results of the quantitative analysis of
this chirp dependence in the 2PPE spectral response. The two
main quantities that will be considered are the Cs� peak po-
sition XCs and the Cs� peak width full width at half maxi-
mum, FWHMCs, in the 2PPE spectra as a function of the
spectral phase applied to the femtosecond laser pulses. We
performed two-peak fits to the 2PPE EDCs consisting of a
Lorentzian �peak amplitude ASS, peak position XSS, and peak
width FWHMSS� to account for a homogeneously �lifetime-�
broadened surface state peak,39 and a Gaussian �ACs, XCs, and
FWHMCs� for the Cs� peak, which, at room temperature, is
strongly inhomogeneously broadened due to vibrational
excitations.40,41 To avoid distortions of the fit because of the
interference of the Cs� photoemission peak with the Fermi
energy cutoff at the high-energy part of the spectrum �see
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marker in Fig. 4�b�� the fitting range was restricted to energy
values between 5.57 and 6.12 eV. In Fig. 5, the result of the
fit is compared to the experimental data for the zero-GVD
case.

Chirp dependencies of SS peak energy and SS peak width
have been reported before for the pristine Cu�111�
surface.14,33 The data from our survey14 have been used to
constrain the number of fitting parameters and to check the
quality of the fitting results, respectively. The relative shift of
the SS peak energy XSS as function of the applied GVD has
been directly adopted from a pristine Cu�111� data set mea-
sured prior to the Cs/Cu�111� data set �published in Ref. 14�
and has been fixed for the fitting procedure. Only a slight,
GVD-independent correction in the SS peak energy XSS by
+4 meV in comparison to the pristine Cu�111� data was nec-
essary to account for the binding energy shift of the Shockley
surface state arising from the interaction with the Cs
adsorbate.42

The chirp dependence in the peak width FWHMSS of the
surface state was left as a free fitting parameter, however, the
results of the fits were directly compared with the chirp de-
pendence for the pristine Cu�111�. Figure 6 compares the
peak width of the pristine Cu�111� surface and the Cs-
covered surface. It is evident that the two-peak fits applied to
the Cs/Cu�111� data deliver FWHMSS values which repro-
duce the chirp dependence observed for the pristine Cu�111�
surface strikingly well. Only an overall broadening of the
Cs/Cu�111� data by 42 meV is observed, which arises from
the interaction between the surface state and the adsorbed Cs
adatoms.28 In summary, the high consistency between the
two data sets regarding the Shockley surface state peak pa-
rameters shows that the surface state chirp evolution is, if at
all, affected only marginally by the presence of the Cs adsor-
bate.

Next, we will consider in detail the results for the Cs peak
shift XCs and the Cs peak width FWHMCs. The chirp depen-
dencies of the two parameters are shown in Fig. 7. Overall, a
maximum shift in the peak position XCs of 30 meV within
the probed GVD regime is observed. In comparison to the
surface state data, the XCs trace does not show a local mini-
mum at negative GVD values. Instead, the Cs peak position

stabilizes for GVD values smaller than −750 fs2. On the
other hand, a local maximum at positive GVD values is
present in the Cs data so that the XCs trace does not exhibit
an antisymmetric chirp dependence as observed for the SS
peak shift. For the Cs-peak width FWHMCs we also observe
a chirp dependence which significantly differs from the
FWHMSS trace �see Fig. 6�. The maximum change in the
FWHMCs due to the chirp variation is only 10 meV. The
overall behavior of the curve is essentially inverted in com-
parison to the SS data so that at vanishing GVD, the Cs peak
width is maximum. Note also the lack of local extrema at
finite positive and negative GVD values which are present at
�700 fs2 in the case of the SS data. The FWHMCs curve
seems to show also a slight asymmetric character exhibiting
a steeper slope at positive GVD values.

Also Petek et al.13 have published data sets for a similar
experiment on Cs/Cu�111� before, covering a more restricted
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GVD regime. Our experimental results match the results re-
ported in that work qualitatively.

In a recent publication we have shown that the chirp de-
pendencies of the surface state peak position and peak width
exclusively map the time and phase characteristics of the
excitation laser pulse.14 A main aspect of the data interpreta-
tion was the instantaneous nature of the excitation pathway
in the 2PPE process from the surface state of pristine
Cu�111�. The clear deviations in the Cs data in comparison to
the surface state data indicate that, next to the laser pulse
characteristics, the Cs chirp traces also comprise information
on the dynamics of the Cs� state that is transiently populated
in the 2PPE process. In the following we will directly com-
pare our experimental data to theoretical data based on the
approach described in Sec. III. This comparison enables us to
go deeper into the analysis of the physical phenomena un-
derlying the chirp dependence. In this way, we will decipher
how chirped pulse measurements can unveil the dynamics of
the excited adsorbate during the 2PPE process.

2. Impact of Cs dynamics on chirped pulse 2PPE: Interpretation
under consideration of model calculations

Cs� peak position. Figure 8 compares calculated Cs� peak
position traces with the experimental data of this work.
Shown are theoretical room temperature results under con-
sideration of the full nucleus motion of the Cs adsorbate as
induced by the laser excitation �black full line/full dots� as
well as for the so-called “static” case, i.e., with the Cs atom
fixed at its equilibrium adsorption distance ZAds �purple
dashed line�. The Cs� peak position for vanishing GVD de-
pends on the laser pulse length as well as on the surface
temperature. In order to stress the chirp effect and to allow
for an easier comparison between experimental and theoret-

ical results, only the displacement of the peak position rela-
tive to its position for a vanishing chirp is presented and we
only briefly discuss the absolute position at GVD=0 fs2,
which we did not study in detail.

In the static calculation, the photoemission peak at GVD
=0 fs2 is maximum at the resonance position at the adsor-
bate equilibrium position, i.e., at an energy equal to the sum
of the Cs� energy �at ZAds� and of the photon energy. In the
full calculations, the peak at GVD=0 fs2 is slightly below
the resonance position �from 10.2 meV at 0 K to 23.6 meV at
300 K�. There are two reasons for this downshift: first the
Cs� motion between the two photoabsorptions and second
the asymmetric spread of the Cs vibrational wave function in
the adsorption well that favors large Z. Because of the first
effect, the energy shift at GVD=0 fs2 depends strongly on
the laser pulse shape.

We start by discussing the theoretical results obtained for
the static case �no nucleus motion considered�. The overall
trend predicted in this case from our calculations is the fol-
lowing: positive GVD leads to an upward shift of the peak
and vice versa. Furthermore, clear local extrema in the peak
position appear on both sides of zero GVD. The peak posi-
tion trace exhibits an almost antisymmetric shape with re-
spect to the chirp variation. Actually, the peak position is not
exactly antisymmetric with respect to GVD, due to the pres-
ence of TOD: reversing the sign of the GVD does not affect
the sign of the TOD, so that a perfect antisymmetry cannot
be reached. The calculated variation in the peak position with
the chirp is similar to that observed experimentally for the
surface state peak �see Fig. 6� and different from that experi-
mentally observed for the Cs� peak �see Fig. 7�. One can
stress that in both cases �surface state peak and static calcu-
lation�, the system is not evolving during the 2PPE process;
the difference lies in the existence of a long-lived intermedi-
ate state in the present “static” study compared to the direct
2PPE from the surface state.

When the excitation induced Cs motion is taken into ac-
count, the chirp-dependence of the calculated Cs� peak posi-
tion changes significantly. In comparison to the static case
the peak maximum is systematically lower in energy, an ef-
fect which is stronger for large negative or positive GVD.
Even more, the antisymmetric character disappears and the
calculated behavior is very close to the experimental Cs�

data. Inclusion of the Cs motion thus catches a large part of
the relevant physics responsible for the chirp dependence of
the Cs� peak position, or from another point of view, the
difference between the ‘static’ and ‘full’ calculations unveils
the evolution of the Cs� state during the 2PPE process. One
can notice that the effect of the Cs motion �difference be-
tween the static and full calculations� amounts to 15–20
meV; this is a sizeable effect, non-negligible compared to the
photoemission peak width at 300 K �in the 240 meV range�.
It is thus easy to evidence the Cs motion in a single-pulse
experimental scheme even at 300 K when thermal broaden-
ing is large. Figure 8 also presents results from the full cal-
culation at three different surface temperatures: 0, 110, and
330 K. The shape of the variation of the peak position is the
same with only a limited T variation: it appears that the
deviation from the static results, i.e., the effect of the Cs
adsorbate motion increases when the surface temperature in-
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FIG. 8. �Color online� Calculated Cs� peak traces as a function
of the applied chirp for different temperatures in comparison to
experimental room temperature data from this work; the black line/
full dots show the results of room temperature calculations, which
take the full dynamics of the Cs adsorbate into account, including
the nucleus motion induced by the excitation. The purple dashed
line shows theoretical data for the static case, i.e., no nucleus mo-
tion. The energy scale is referred to the peak position for zero GVD.
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creases �this is essentially the effect of the initial vibrational
temperature of the adsorbate�.

Former works have indeed shown that populating the Cs�

state induces a motion of the Cs adsorbate away from the
surface and, because of the shape of the potential energy
surfaces �see Fig. 3�, this leads to a downward shift in Cs�

peak energy in the photoemission spectrum �see discussions,
e.g., in Refs. 34, 43, and 44�. Here, the downward shift at
GVD=0 fs2 in the full calculation compared to the static
calculation comes from this effect. The calculations show
furthermore that the application of GVD �positive or nega-
tive� to the pulses results in an additional downward shift of
the Cs� peak.

The modulation of a laser pulse by GVD gives rise to a
frequency drift �chirp�, but also to an increase of the pulse
length. To characterize the link between the various charac-
teristics of the chirped pulse and the downward shift in en-
ergy, we performed model calculations using unchirped laser
pulses of different pulse lengths.

For this purpose, we used a time-dependent Gaussian la-
ser field that describes a GVD-only modulation, �i.e., no
TOD spectral phase modulation�, in which the frequency
drift term has been removed

��t� =
A

�4 1 + w2
exp�−

2 Log�2�
1 + w2

t2

�TL
2 �cos��0t� . �9�

The pulse duration parameter was set to a value of �TL
=20 fs. w is the bandwidth-dependent chirp parameter,
which, however, is exclusively used to adjust the overall
pulse length. w is related in this case to the GVD in fs2 by

GVD =
�TL

2

4 ln 2
w = 144.3 fs2 w �10�

In parallel, we also made calculations with “usual,” chirped
Gaussian pulses �TOD=0 fs3� with the same w parameter
and we compared the results obtained with these two sets of
pulses. In this way we can separate the effect of the fre-
quency drift from that of the pulse lengthening in the chirped
pulses. The peak shifts as function of the pulse length were
calculated for T=0 K �the Cs adsorbate is initially in the �
=0 vibrational level� and are shown in Fig. 9 �full line with
green open circles�, together with the calculated chirped
Gaussian pulse results without Cs motion �“static” calcula-
tion, dashed black line� and with Cs motion �red line with
full circles�. Note that the shortest pulses are obtained for
vanishing GVD �w=0 fs2� and the longest for maximum
positive and minimum negative GVD values. The pure in-
crease in the pulse length �green line�, without any phase
modulation, already gives rise to a significant downward
shift of the Cs� peak position. The interpretation is the fol-
lowing: For a longer single laser pulse, the time delay be-
tween the absorption of the two photons of the 2PPE process
can be larger allowing to probe the Cs motion from the sur-
face over a longer time span and leading to a further decrease
of the Cs� peak energy. At very large chirp parameter, either
positive or negative, the pulse length becomes very large and
can be much longer than the intermediate state lifetime, lead-
ing to the saturation of the above effect. This accounts for the

stabilization of the shift of the peak maximum at large �w�.
Figure 9 also presents the difference between the full and

the static calculation results as a function of the GVD �full
blue line� as well as this difference averaged over positive
and negative GVD �dashed-dotted blue line�. One can see
that the downshift observed in the long-pulse calculations
�only pulse length effect� is on the order of the difference
between the static and the full calculations for the chirped
Gaussian pulses and furthermore almost equal to this differ-
ence when positive and negative GVD are averaged. We can
then conclude that the departure from the antisymmetric
shape observed in the full calculations with chirped pulses is
mainly a consequence of the increase of the pulse length and
not so much of the frequency drift inside the chirped pulse.
The effect of the frequency drift inside the pulse obviously
only plays a minor role in revealing the effect of the adsor-
bate motion on the Cs� peak position in the photoemission
electron spectrum, it is responsible for the small difference
between the green line and the full blue line, it roughly
changes sign with the GVD, depending on whether the fre-
quency drift and the Cs� energy change induced by the mo-
tion are in the same or in opposite directions.

Furthermore, we evaluated the effect of the Cs� resonance
lifetime on the chirped pulse Cs� peak curve. The resonance
lifetime provides the effective probing window for the 2PPE
process and it should, therefore, govern the sensitivity of the
experiment to the nucleus motion. Calculations were per-
formed with the Cs� decay rate res�Z� multiplied by a con-
stant factor �0.5, 2.0, and 5.0�. The results are summarized in
Fig. 10�a�. The shape of the peak curve exhibits a clear de-
pendence on the resonance lifetime. Particularly the devia-
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FIG. 9. �Color online� The full green line/open dots show the
Cs� peak position as function of the pulse length in units of the
chirp parameter w for laser pulses without phase modulation where
the effect of the Cs motion is included. For comparison calculations
with phase modulated pulses of the same duration have been added;
dashed black line: static calculation; red line/full circles: calculation
with Cs motion. All calculations were performed at T=0 K and
without TOD. For the sake of discussion, the full blue line shows
the difference between the full calculation and the static calculation
whereas the dashed-dotted blue line shows this same difference
averaged over positive and negative GVD.
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tion from the antisymmetric shape of the curve that we as-
sociate with the adsorbate motion becomes more pronounced
as the resonance lifetime increases. What is the minimum
resonance lifetime at which the Cs motion in front of the
surface can still be probed within a chirped-pulse 2PPE ex-
periment? For an estimate we calculated for each curve in
Fig. 10�a� the asymmetry parameter A defined as

A�GVD� = 2 · �XCs�0,TOD0� − �XCs�GVD,TODpos�

− �XCs�− GVD,TODneg� . �11�

Figure 10�b� compares the asymmetry parameter for differ-
ent lifetimes as function of the applied GVD �T=0 K�. For
the shortest lifetime �on the order of 6 fs at the adsorbate
equilibrium position�, a residual asymmetry of about 5 meV
is still visible for large GVD values. At the given resonance
linewidth of about 300 meV at room temperature such a
small value is of course a challenge for a 2PPE experiment
but not impossible to detect.45

To summarize this section: We find a quantitatively satis-
fying agreement in the Cs� peak position between theoretical
calculations and experimental data. We show that the chirped
pulse 2PPE traces contain information on the dynamics of
the Cs� motion away from the surface induced by the photo-
excitation. The signature of the Cs motion mainly arises from
the change in the laser pulse length due to the applied phase
modulation, probing the adsorbate motion on successive
longer time scales. In a way, in this single-pulse scheme, the
change in pulse length provides the clock that probes the
adsorbate dynamics as a function of time. In the following
we will now compare the experimentally determined chirp
dependence in the Cs� peak width �FWHM� with the results
of the theoretical calculations.

Cs� peak width. Figure 11 presents the calculated varia-
tion in the Cs� FWHM as a function of the GVD parameter
for a surface temperature of T=0 K. Note that these results
come from the same calculations with 20 fs chirped Gaussian

pulses that have been presented in Fig. 9. The data includes
all the broadening effects for a 0 K system with a vanish-
ingly small Cs surface density, except for the contribution
from the experimental electron energy analyzer �see a discus-
sion of the various causes of broadening in Ref. 41�. Three
sets of results are shown: the full calculation including Cs
motion �full red dots�, the result for the static case �dashed
line�, and the calculation without phase modulation, but with
the pulse length effect and the Cs motion �open green dots,
laser shape given by Eq. �9��. In the entire GVD regime, the
FWHM in the static calculation is found to be smaller than in
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FIG. 10. �Color online� �a� Calculated energy shift of the Cs� peak position as a function of the chirp parameter for the Cs/Cu�111� system
and the model systems with a variable decay rate. In all cases, the vibrational temperature is 0 K, the effect of the electronic Fermi edge is
not included. The energy shift is plotted relative to its position for an unchirped pulse �pure Gaussian 20 fs�; �b� Asymmetry of the chirp
effect on the Cs� peak position of emitted electrons in Cs/Cu�111� and model systems as defined by Eq. �11�. The surface temperature is 0
K and no Fermi edge effect is taken into account.
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FIG. 11. �Color online� calculated Cs� FWHM as a function of
the GVD parameter at T=0 K. Note that TOD was not included in
these calculations, at vanishing GVD the pulse duration is 20 fs.
Dashed line: static case �no Cs motion�; full red dots: full calcula-
tion including Cs motion; open green dots: effect of the pulse length
increase alone, i.e., no phase modulation is applied to the excitation
pulse.
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the full calculation. The difference is due to the spread of
adsorption distance ZAds in the �=0 vibrational level of the
Cs-surface system that is obviously absent in the static cal-
culation. Actually, the static result at w=0 is dominated by
the finite laser band width.

The value of 172 meV at 0 K for the full calculation at
w=0 is very close to the experimental result of about 180
meV reported by Petek et al.13 Actually, test calculations
with a Gaussian pulse of 19 fs, a vanishing GVD and a
surface temperature of 33 K, closer to the experimental con-
ditions in Ref. 13 yield a peak width of 184 meV.

In the three calculations, the FWHM is maximum for
GVD�0 fs2 �note that the maximum of the FWHM occurs
for a slightly negative chirp parameter in the full calculation�
and monotonically decreases with increasing GVD and/or
pulse length. The amplitude in the FWHM change induced
by the pulse length variation only �open green dots� is com-
parable or even larger than for the full calculation trace �full
red dots�. We therefore conclude that the overall decrease in
the peak FWHM in the full calculation is to a large part
because of the increase in the pulse length. We can therefore
stress that this contribution to the FWHM dependence re-
flects a property of the laser pulse and is not linked to the
dynamics of the adsorbate excitation. The FWHM asymme-
try in the full calculation arises, however, from the interplay
between the frequency shift due to the GVD and the Cs
motion. The interpretation is the following: When the Cs�

state is excited, the Cs adsorbate starts to move out and the
Cs� energy decreases leading to a downshift of the Cs� peak
position and at the same time to a broadening of the detected
photo-emission peak. If the pulse exhibits a positive GVD,
the change in laser frequency with time is opposite to that of
the Cs� energy shift and they can partly compensate each
other, thus decreasing the photoemission peak broadening. If
a negative GVD is applied, both effects are in the same di-
rection leading to a broadening of the photoemission peak.
This control of peak FWHM by the sign of the GVD is,
however, limited. Indeed, the laser frequency drift is linear in
time and can therefore only partly compensate the energy
variation of the Cs� state which is expected to vary quadrati-
cally with time. This shows that, in contrast to the Cs� peak
position calculations, the frequency drift plays a much more
significant role for the peak FWHM dependence.

Figure 12 presents a comparison between experimental
�full dots� and theoretical �open squares� FWHM data for the
Cs/Cu�111� system at 300 K. In this case, we used the ex-
perimentally determined pulse parameters for a full calcula-
tion that includes GVD and TOD. The increase in tempera-
ture gives rise to a large overall broadening of the Cs� peak
in comparison to the T=0 K calculation, as expected �see a
discussion in Ref. 41�. The calculated value of about 237.5
meV at GVD=0 fs2 matches the experimental value of 238
meV once again rather well. The calculated FWHM at 300 K
is minimum for a small positive GVD, in contrast to the
above results at 0 K in the absence of TOD which maximize
in the region of vanishing GVD. The small asymmetry be-
tween positive and negative GVD already seen at 0 K and
attributed to the interplay between frequency drift and Cs�

motion is still present at 300 K.
The behavior of the theoretical FWHM at 300 K is differ-

ent from the one observed experimentally, which exhibits a

maximum for vanishing GVD. However, one can stress the
rather small overall variation of the 300 K FWHM: in both
cases, it only amounts to a few per cent, much less than
found at 0 K in the absence of TOD. This can be attributed to
the very large broadening introduced by the thermal distribu-
tion of Cs adsorption distances in the initial state �see a dis-
cussion in Ref. 41�. This broadening dominates and tends to
hide all the other broadening contributions and their possible
chirp dependence. The origin of the discrepancy between
theoretical and experimental FWHM variation at 300 K is
unclear, especially in view of the agreement found for the
peak position. Indeed the linewidth is expected to be more
sensitive to the details of the shape and the chirp of the laser
pulse than the position of the peak maximum. Beside pos-
sible inaccuracies in the experimental and theoretical proce-
dures, the sensitivity of the FWHM to the actual laser tem-
poral variation as well as the interplay between this variation
and the Cs adsorbate motion, as demonstrated in Fig. 11,
might explain the present difference.

V. SUMMARY AND CONCLUSION

We performed a combined experimental and theoretical
study on the effect of phase-modulated �chirped� pulses on
the 2PPE spectra of Cs/Cu�111�. The present work extends
an earlier work by Petek et al.;13 in particular, we were able
to analyze much further the phenomena underlying the 2PPE
process in a single-pulse scheme using chirped laser pulses
and show how it can reveal the evolution of the adsorbate
system during the photoemission. We quantitatively prove
that the position and width of the Cs� photoemission peak as
a function of the applied chirp are directly related to the
dynamics of the adsorbate motion away from the surface that
is triggered by the laser-induced excitation: the excited Cs�

adsorbate moves between the absorption of the two photons
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FIG. 12. �Color online� Cs� peak FWHM as a function of the
experimentally applied GVD and TOD phase modulations �pulse
parameters:�TL=26,9 fs, TOD0=−8000 fs3� at T=300 K; full
dots: full calculation including Cs motion; open squares: experi-
mental data.
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of the 2PPE process. In a time-resolved experiment, the two
photons originate from two different pulses with a variable
controlled time delay between them, thus probing the evolu-
tion of the system between the two pulses. In the present
single-pulse scheme experiment, the two photons belong to
the same pulse and the Cs evolution is revealed by the varia-
tion �chirp� of the laser characteristics during the pulse. One
can stress that two characteristics of the chirped pulse are
responsible for the observed chirp dependence: the change of
pulse duration and the frequency drift. In particular, we
showed that the energy shift of the photoemission peak
maximum can be attributed dominantly to a pulse duration
effect. It appears that the adsorbate motion is easier to evi-
dence on the photoemission peak position rather than on the
FWHM, at least at room temperature.

Thus, spectroscopy with chirped, i.e., phase-modulated,
pulses can provide insights into the ultrafast dynamics of
adsorbates and comparison to theoretical data can make a
quantitative analysis possible. Chirped-pulsed nonlinear
spectroscopy may therefore be a useful tool to complement
pure time-domain �pump-probe� experiments. We particu-

larly expect that for a given spectral bandwidth of the laser
pulse the chirped-pulse technique can exceed the time reso-
lution of a pump-probe experiment since it provides an in-
trapulse probe. The possibility to observe the Cs� adsorbate
motion at room temperature, despite the very large thermal
broadening of the photoemission peak, supports this. Model
systems which could prove the potential sensitivity of CP-
2PPE to ultrafast surface process are for instance the small
alkalis �Na, Li� adsorbed on noble metal surfaces, which ex-
hibit much shorter resonance lifetimes than the Cs adsorbate
chosen for the present study. Corresponding studies are un-
der progress.
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