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Momentum and energy dissipation of hot electrons in a Pb/Ag(111) quantum well system
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The band structure of multilayer systems plays a crucial role for the ultrafast hot carrier dynamics at
interfaces. Here, we study the energy- and momentum-dependent quasiparticle lifetimes of excited electrons
in a highly ordered Pb monolayer film on Ag(111) prior and after the adsorption of a monolayer of 3,4,9,10-
perylene-tetracarboxylic dianhydride (PTCDA). Using time-resolved two-photon momentum microscopy with
femtosecond visible light pulses, we show that the electron dynamics of the Pb/Ag(111) quantum well system
is largely dominated by two types of scattering processes: (i) isotropic intraband scattering processes within the
quantum well state (QWS) and (ii) isotropic interband scattering processes from the pz-like QWS into the Pb px/y

band. In the latter case, the Pb QWS acts as an electron source for the momentum space refilling process of the Pb
px/y band. This conclusion is confirmed by the modification of the band structure and the quasiparticle dynamics
of the Pb/Ag(111) bilayer film after the adsorption of PTCDA. We find both an adsorption-induced suppression
of the QWS itself as well as of the refilling process into the Pb px/y band. Our study hence demonstrates the
isotropic nature of the momentum-dependent scattering processes of metallic bilayer systems and uncovers a
new possibility to selectively tune and control scattering processes occurring in quantum (well) materials by the
adsorption of organic molecules.

DOI: 10.1103/PhysRevB.104.104308

I. INTRODUCTION

Interfaces between functional materials are important
building blocks for the next generation of nanosized opto-
electronic, photonic, and spintronic devices [1,2]. They do
not only determine the efficiency of charge and spin transport
through the device structure but can also mediate application-
relevant functionalities, such as spin filtering or charge-to-spin
and spin-to-charge conversion processes [3–6]. These func-
tionalities are thereby closely linked to the interfacial band
structure and the corresponding ultrafast carrier dynamics at
these interfaces.

For this reason, countless studies focused on the (spin-
dependent) single particle electron dynamics in ultrathin
metallic or molecular films on surfaces. In this way,
angle-resolved photoelectron spectroscopy [7–10], scanning
tunneling microscopy [11–14], as well as time-resolved
spectroscopy techniques [15–35] have laid the foundation
for today’s understanding of the dominating energy and
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momentum dissipation mechanisms of excited carriers at
surfaces, interfaces, and in bulk materials. The most direct
way to experimentally quantify the ultrafast electron dynam-
ics is to determine the quasiparticle lifetime of optically
excited electrons in time-resolved two-photon photoemis-
sion spectroscopy (tr-2PPE) [36–42]. For heterostructures
without structural order or for low excitation energies, the
electron lifetime only depends on the energy of the excited
carriers and is determined by inelastic electron-electron scat-
tering processes [42–44]. Energy- and momentum-dependent
lifetimes can only be observed for material systems with
well-defined (interfacial) band structures exhibiting, for in-
stance, quantum well states, image potential states or modified
surface states [20,24,40,45–54]. For such cases, electron-
phonon or electron-defect scattering leads to both energy
and momentum dissipation of excited electrons, which
are typically classified as inter- or intraband scattering
processes [20,24,55–57].

To gain further insights into the inter- or intraband scat-
tering processes at interfaces, we turn to the single-particle
electron dynamics of one layer of lead (Pb) grown on an
Ag(111) single crystal surface [58,59]. This model system
was selected as an exemplary case from the manifold of ultra-
thin metallic bilayer systems that can host quantum well states
(QWSs) [17,19,20,24,55,59]. In the case of the Pb/Ag(111)
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interface, the band structure reveals two distinct bands with
different orbital character in the Pb layer: (i) a parabolic,
free-electron-like QWS with parabolic dispersion in the center
of the surface Brillouin zone and pz orbital character and (ii)
a second Pb band with px/y orbital character [59]. These two
bands are expected to dominate the ultrafast electron dynam-
ics of such ultrathin Pb films.

Previous tr-2PPE studies of similar ultrathin Pb layers
already proposed complex inter- and intraband scattering
processes between different Pb-derived states [20,24] in a
limited part of the surface Brillouin zone (either conducted
without angular (momentum) resolution or along one high
symmetry direction in momentum space). We build on these
pioneering studies using time-resolved two-photon momen-
tum microscopy (tr-2PMM) [60]. This approach combines
the optical setup of a conventional tr-2PPE experiment with
a photoemission electron microscope operated in momentum
space mode, i.e., a momentum microscope [61–64]. Such a
tr-2PMM experiment allows us to study inelastic as well as
(quasi-) elastic inter- and intraband scattering processes in the
entire accessible momentum space with a parallel detection
scheme and in a fixed experimental geometry.

Our tr-2PMM experiments demonstrate that the electron
dynamics of the Pb/Ag(111) bilayer system is dominated by
isotropic scattering processes of electrons in the Pb layer.
These scattering processes lead to an isotropic lifetime of
the QWS of τ ≈ 12 fs in momentum space. The value of the
quasiparticle lifetime within the QWS increases slightly when
approaching the band minimum due to the reduced phase
space for intraband scattering (electron-phonon scattering).
Most importantly, we observe an isotropic interband scatter-
ing of electrons from the QWS into the Pb band with px/y

orbital character. This scattering process leads to a refilling
of electrons into the Pb px/y band that is responsible for an
enhanced quasiparticle lifetime in this Pb px/y band.

This conclusion is confirmed by the electron dynamics of
the PTCDA/Pb/Ag(111) multilayer system which provides
further evidence that the QWS acts as an electron source for
the isotropic interband scattering in momentum space within
the ultrathin Pb film.

II. EXPERIMENTAL DETAILS

A. Sample preparation

All experiments and the sample preparation procedures
were performed under ultrahigh-vacuum conditions with a
base pressure better than 1 × 10−9 mbar. The surface of
the (111)-oriented silver crystal was cleaned by several cy-
cles of argon ion bombardments and subsequent annealing
at a temperature of TSample = 730 K. The cleanliness of the
Ag(111) surface was verified by the width of the diffraction
spots in low energy electron diffraction (LEED) measure-
ments and the linewidth of the Shockley surface state at
the � point in two-photon momentum microscopy. After-
wards, more than one monolayer Pb was evaporated onto the
clean substrate at room temperature. Subsequent annealing
for 10 min at 420 K leads to desorption of higher Pb layers
resulting in a uniform single Pb layer on the Ag(111) surface
[58,59]. The structural order of the Pb layer was checked

with LEED and momentum-resolved photoemission spec-
troscopy. The 3,4,9,10-perylene-tetracarboxylic dianhydride
(PTCDA) monolayer film was prepared by thermal evapo-
ration of PTCDA onto the Pb/Ag bilayer system at room
temperature using a commercial evaporator. The coverage
of the molecule PTCDA was controlled by the evaporation
time and the flux of the evaporator. After the evaporation, the
coverage of the PTCDA film was confirmed by comparing the
total photoemission yield of the highest occupied molecular
orbital of PTCDA on the Pb/Ag(111) bilayer to the one of
PTCDA/Ag(111). We have selected this reference system
since an ideal PTCDA monolayer film with a coverage of
1.0 ML can be prepared on Ag(111) by thermal desorption
of a PTCDA multilayer film [65]. The structural order of
the molecular film on top of the Pb layer was character-
ized by LEED as well as the existence and orientation of
the characteristic emission pattern of the frontier molecu-
lar orbitals of PTCDA in momentum-resolved valence band
photoemission spectroscopy [59,66]. The PTCDA film inves-
tigated here revealed all characteristic signatures that were
recently reported by a comprehensive characterization study
of the PTCDA/Pb/Ag(111) multilayer system [59].

B. Time-resolved two-photon momentum microscopy

The tr-2PMMs experiments were performed with a pho-
toemission electron microscope (PEEM) operated in k-space
mode. We used a time-of-flight detector as energy ana-
lyzer [64,67,68] for the experiments of the Pb/Ag(111)
bilayer films and a double hemispherical analyzer [61–63]
for the investigation of the PTCDA monolayer film on the
Pb/Ag(111) bilayer system. Both microscopes are combined
with optical beamlines for pump-probe spectroscopy [60].
As light sources, we used the second harmonics (SHG)
of titanium-sapphire laser oscillators with a central wave-
length of 800 nm (1.55 eV) for the fundamental emission
line, sub 30 fs pulse width (FWHM), and a repetition rate
of 80 MHz. The pulse duration of the SHG is smaller than
34 fs and was determined from the autocorrelation trace
of the Cu(111) Shockley surface state [69,70]. The po-
larization of the SHG radiation was controlled by using
a λ-half-wave plate. A mirror located within the PEEM
optics was used for the nearly normal incidence angle
measurements (4◦ incidence angle with respect to the sur-
face normal) [71]. All experiments were conducted at room
temperature.

The multidimensional data sets I (kx, ky, E -EF ,�t ) were
analyzed using the same approach as described in our
previous work [60]: First, the momentum-resolved photoe-
mission data of each energy were cutoff at the photoemission
horizon to reduce the influence of pixels with marginal
intensity in our photoemission data analysis. Then, the
momentum-dependent lifetimes were determined by extract-
ing autocorrelation curves at each remaining point in the
momentum space for each intermediate state energy E-EF .
These traces were analyzed within the framework of opti-
cal Bloch equations which yields lifetimes in momentum
space [69,72,73]. These lifetimes are plotted as color code in
so-called lifetime maps, which reflect the lifetimes of elec-
trons throughout the entire accessible momentum space in a
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FIG. 1. Left: Energy vs momentum photoemission map of the
excited states of the Pb/Ag(111) bilayer system along the M

′
�

direction. The dispersions of the Pb-derived QWS and the Pb px/y

band are illustrated in the band structure sketch on the right side.

tr-2PMM experiment. The relative experimental uncertainty
of the quasiparticle lifetimes within a single tr-2PMM ex-
periment is smaller than 1 fs. This value is estimated by an
error analysis of the autocorrelation trace fitting using the
optical Bloch equations as a fitting function. The very small
experimental uncertainty is a direct result of the identical
experimental conditions (in particular the FWHM of the laser
pulses) that are used as identical input parameters for the anal-
ysis of the autocorrelation traces of the individual regions in
energy and momentum space for a single data set. The relative
uncertainty is hence largely determined by the signal-to-noise
ratio of the autocorrelation traces. In contrast, the absolute
experimental uncertainty of the quasiparticle lifetime is larger
and can be estimated by ≈1-2 fs. Note that these lifetimes do
not necessarily reflect the pure intrinsic quasiparticle lifetime
of the corresponding state in energy and momentum space but
also contain signatures of energy- and momentum-dependent
refilling processes.

III. RESULTS AND DISCUSSION

We start our discussion with the momentum-dependent
hot electron dynamics of the bare Pb/Ag(111) bilayer sys-
tem. All momentum microscopy data were obtained at room
temperature.

The unoccupied band structure of the Pb/Ag(111) bilayer
system is illustrated in Fig. 1. It is dominated by two Pb-
derived states [59]: (i) a free-electron-like quantum well state
(labeled QWS pz) with pz orbital character and (ii) a Pb-
derived band (labeled Pb px/y) with px/y orbital character and
an apparently linear dispersion. This Pb px/y band, however,
also exhibits an electronlike parabolic dispersion but with its
band minimum located in the occupied valence band structure
(E − EF < −2 eV) close to the border of the surface Brillouin
zone [58]. The dispersion of the Pb px/y band hence only
appears linear in the small energy and momentum range in-
vestigated in our study. The third spectroscopic feature with
parabolic dispersion (labeled Mahan cone) is not a band of
the unoccupied Pb/Ag band structure, but can be attributed
to a so-called Mahan cone transition [74,75] between sp-like
bands of the Pb/Ag bilayer structure via a virtual intermediate
state. Hence, this transition does not play a significant role

in the hot electron dynamics and thus will not be discussed
further.

The energy- and momentum-dependent electron dynamics
of the Pb px/y band can be extracted from the tr-2PMM data
in Fig. 2. They were obtained in a monochromatic (3.1 eV)
2PPE experiment in nearly normal incidence geometry with
the in-plane electric field vector aligned along the kx direction
[see sketch in Fig. 2(a)]. In this geometry, the light pulses of
the pump- and probe beam can only excite and probe states
with predominant in-plane orbital character. This approach
yields similar results as the more conventional photoemission
experiments conducted in grazing incidence geometry with
s-polarized light that is often used to determine the orbital
character of surface and interface states. The in-plane charac-
ter of the exciting light field is clearly reflected in the energy
vs momentum cut along the M

′
� M direction in Fig. 2(b),

which only shows the spectroscopic signature of the Pb px/y

band (marked by a green dotted line as a guide to the eye).
The dispersion of this state is reflected in the constant en-
ergy (CE) maps in Fig. 2(c), which were recorded at three
intermediate state energies of E-EF = 2.65 , 2.85 and 3.0 eV.
The Pb-derived state appears as a ringlike feature with an
azimuthal intensity distribution in all CE maps. The intensity
modulation is the result of the in-plane orbital character and
the p3m1 symmetry of the Pb superstructure on Ag(111).

The momentum-dependent quasiparticle lifetime of this
state is displayed in three exemplary lifetime maps in
Fig. 2(d), which were obtained at the same intermediate state
energies as the CE intensity maps in Fig. 2(c). The color code
of these lifetime maps represents the quasiparticle lifetime at
each position in momentum space. They were obtained by
extracting the time-dependent autocorrelation traces in well-
defined regions in energy and momentum space and analyzing
their line shape using optical Bloch equations as described
in Ref. [60]. Exemplary autocorrelation traces of different re-
gions in momentum space [marked in Fig. 2(c)] are shown as
dots in Fig. 2(e), together with the two-pulse autocorrelation
of the fs laser pulses (gray solid line).

All lifetime maps show momentum-independent quasipar-
ticle lifetimes of only a few femtoseconds, which slightly
increase when reducing the intermediate state energy to-
wards the Fermi energy. In particular, the CE lifetime maps
do not show any momentum space pattern that resembles
the dispersion of the Pb px/y band (marked by green half
circles in Fig. 2(d) as a guide to the eyes). This observa-
tion indicates a neglectable intrinsic quasiparticle lifetime
of the Pb px/y band, i.e., the lifetime is indistinguishable
from the lifetime of the homogeneous background of the
Ag(111) crystal within the experimental uncertainty (τSB =
8.5 ± 0.5 fs, τBG = 8.2 ± 0.5 fs). This conclusion is also con-
firmed by the energy vs momentum lifetime map along the
M

′
� M direction in Fig. 2(f), which does not show any

pattern following the linear dispersion of the Pb px/y band.
The energy-dependent and momentum averaged quasiparticle
lifetime is quantified in Fig. 2(g). It increases from τ ≈ 6 fs at
E-EF = 3.0 eV to τ ≈ 9 fs at E-EF = 1.8 eV. Similar results
were also obtained for reference tr-2PMM experiments with
s-polarized laser light and grazing incidence geometry (65◦)
on the very same sample. In this geometry, the laser light
also only exhibits an in-plane component of the electric field
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FIG. 2. Tr-2PMM data set of the Pb ML on Ag(111) system obtained with an incidence angle of 4◦ (nearly normal incidence) and a
photon energy h̄ω = 3.1 eV [see panel (a)]. (b) E vs k‖ cut along the M

′
� M direction. Constant energy intensity (c) and lifetime (d) maps for

E-EF = 2.65 , 2.85, and 3.0 eV starting from the bottom to the top. (e) Exemplary autocorrelation traces of different regions in momentum
space (dots) marked in (c), together with the two-pulse autocorrelation of the fs laser pulses (gray solid line). (f) Corresponding E vs k‖
lifetime map. (g) Energy-dependent quasiparticle lifetime obtained from the momentum averaged photoemission yield. In (b) and (d) The
band dispersion of the Pb px/y band is indicated with green dotted lines as a guide to the eye.

vector. This indicates that the observed electron dynamics
only depends on the orientation of the electric field vector
in the surface plane, but not on its specific orientation with
respect to the high symmetry directions of the crystalline
surface.

Next, we turn to our tr-2PMM data obtained for p-polarized
light and a grazing incidence angle of 65◦ with respect to the
surface normal [see sketch in Fig. 3(a)]. In this geometry, all
Pb-derived states are now accessible in our 2PMM experi-
ment due to the out-of-plane component of the electronic field
vector of the pump and probe pulses. The remaining in-plane
component of the electric field vector is oriented along the
same in-plane high symmetry direction of the Pb/Ag(111)
bilayer film as in the tr-2PMM experiment in normal in-
cidence geometry discussed above. Hence, this ensures an
almost identical excitation condition for Pb-derived states
with in-plane character for both experimental geometries. The
results are summarized in Figs. 3 and 4. The energy vs mo-
mentum cut through the unoccupied band structure along the
M

′
� M direction in Fig. 3(b) reveals spectroscopic signatures

of the QWS and the Pb px/y band. Again, the dispersions
of all states lead to characteristic emission patterns in the
CE maps in Fig. 3(c), which were recorded at E-EF = 2.65 ,
2.85 , and 3.0 eV. The Pb px/y band reveals again a ringlike
shape with azimuthal intensity distribution. In contrast, the
predominant pz orbital character of the Pb QWS results in
a ringlike emission pattern with a marginal azimuthal inten-
sity distribution. The quasiparticle lifetimes of these different
states are reflected by their time-dependent autocorrelation
traces. Exemplary normalized autocorrelation traces for se-

lected regions in energy- and momentum space are shown in
Fig. 3(d) for the QWS (blue data points) as well as for the
Pb px/y band (green data points). As a reference, we also
included an autocorrelation trace of the background signal
of the photoemission yield (red data points). The fitting re-
sults of our autocorrelation analysis are superimposed onto
the experimental data as black solid lines. The two-pulse
correlation of the laser is included as gray solid line. For
these exemplary regions in energy and momentum space,
we find quasiparticle lifetimes of 10.9 and 10.1 fs for the
QWS and the Pb px/y band, respectively. These values are
clearly distinguishable from the quasiparticle lifetime of the
background signal within our relative uncertainty of <0.4 fs.
This very small relative uncertainty between different energy-
and momentum-space regions in a single experiment is due
to the extremely high data quality. In particular, we find a
very similar signal-to-noise ratio for all autocorrelation traces
despite the significantly different photoemission yield in the
different regions.

The quasiparticle lifetimes of the entire excited state band
structure are summarized in the lifetime maps in Fig. 4.
The CE maps in Fig. 4(a) reveal a disklike and a ringlike
feature with quasiparticle lifetimes that are distinguishable
from those of the homogeneous background of the Ag(111)
crystal. Both features follow approximately the dispersion
of the QWS (dashed circles) as well as of the Pb px/y

band (dotted circles) in all CE maps and hence reflect the
momentum-dependent lifetimes of both states. The radius
of the disklike feature in momentum space resembles very
closely the energy-dependent band dispersion of the QWS
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FIG. 3. Tr-2PMM data set of the Pb ML on Ag(111) system obtained in grazing incidence geometry (65◦ with respect to surface normal),
p-polarized light, and h̄ω = 3.1 eV [see panel (a)]. (b) E vs k‖ cut along the M

′
� M direction. Constant energy intensity (c) maps for E-

EF = 2.65 , 2.85 , and 3.0 eV starting from the bottom to the top. The band dispersion of the Pb QWS and the Pb px/y band are indicated by
the green dashed and dotted lines that are guides to the eyes. (d) Exemplary autocorrelation traces for the quantum well state (blue), the Pb
px/y band (green) and the background (red). The corresponding regions are marked in (c). The data are shown as circles, the fit curve (black)
and the laser cross correlation (grey) as solid lines.

as indicated by the dashed green circles in the CE lifetime
maps in Fig. 4(a). This is even more clearly visible in the
energy vs momentum lifetime map in Fig. 4(b), where the
energy and momentum regions with distinct lifetimes resem-
ble closely the parabolic dispersion of the QWS (green dashed
curve). We observe a slight increase of the lifetime along its
parabolic dispersion from τ ≈ 12.0 fs at E-EF = 3.0 eV to
τ ≈ 13.2 fs at E-EF = 2.7 eV. Focusing more closely on the
momentum-dependent lifetime of the QWS, we do not find
any azimuthal variation for this state for all energies. However,
the disk-like pattern of the QWS itself points to an additional
(quasi-)elastic, but isotropic scattering process of electrons
from the QWS towards the � point of the Brillouin zone.
This additional momentum-dependent scattering mechanism
is most likely responsible for the slight mismatch between the
position of the QWS in energy and momentum and the regions
of the largest quasiparticle lifetimes of the QWS.

The second feature with a distinct lifetime in the CE
lifetime maps exhibits a ringlike pattern with an increas-
ing radius for decreasing intermediate state energies. These
energy-dependent radii resemble perfectly the dispersion of
the Pb px/y band (see green dotted line as a guide to the eye) as
shown in the energy vs momentum lifetime map in Fig. 4(b).
The lifetimes of this feature are between 10 and 11 fs for
all energies and azimuthal orientations. This value is signif-
icantly larger than the lifetimes of the px/y band obtained in
normal incidence geometry. Hence this values cannot reflect

the intrinsic quasiparticle lifetime of the Pb px/y band, which
must be independent of the experimental geometry. Instead,
the apparently different quasiparticle lifetime of the Pb px/y

band is the signature of a momentum-dependent refilling of
electrons into the Pb px/y band. We propose that this refill-
ing process redistributes electrons from the QWS to the Pb
px/y band via an interband scattering process. Such an inter-
band scattering process was already proposed for the QWS
system Pb/Cu(111) [24]. Here, we additionally demonstrate
the isotropic nature of the interband scattering processes in
momentum space.

Altogether, the electron dynamics and the different
inter- and intraband scattering processes are summarized
in Fig. 4(c). Optically excited electrons in the QWS dissi-
pate energy and momentum by isotropic intraband scattering
following the band dispersion towards the band bottom
of the QWS. Additional (quasi-)elastic scattering processes
can isotropically redistribute electrons from the QWS ei-
ther towards the center of the Brillouin zone, most likely
by electron-defect scattering, or into the Pb px/y band
via interband scattering between both Pb-derived bands of
different orbital character. Most importantly, only the in-
terband scattering process from the QWS into the Pb px/y

band leads to an increased lifetime of the Pb px/y band
which otherwise vanishes for all energies and momenta
accessible in our experiment. Hence, the electrons of the
QWS act as an electron source for the isotropic interband
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FIG. 4. Constant energy (a) and E vs k‖ lifetime maps (b) of the
tr-2PMM data shown in Figs. 3(b) and 3(c). The band dispersion
of the Pb QWS and the Pb px/y band are indicated as green dashed
and dotted lines, respectively. (c) Sketch of the inter- and intraband
scattering processes dominating the hot electron dynamics of the
Pb/Ag(111) bilayer system.

scattering processes observed for the Pb/Ag(111) bilayer
system.

We now focus on the modifications of the ultrafast elec-
tron dynamics of the Pb/Ag(111) bilayer system after the
adsorption of a highly ordered monolayer film of the aromatic
molecule PTCDA [59]. Upon the adsorption of PTCDA on
Pb/Ag(111), the Pb QWS is suppressed by the at least partial
chemical interaction between PTCDA and the Pb layer [59].
Simultaneously, we observe a significant change in the overall
shape of the autocorrelation traces which can no longer be
modeled by a single autocorrelation curve by a single auto-
correlation curve. This is illustrated in Fig. 5(a) which shows
an exemplary momentum-averaged autocorrelation trace for
a single intermediate state energy. The data were recorded
with monochromatic radiation of 3.1 eV photon energy in
grazing incidence geometry and p-polarized light pulses at
room temperature. The experimental data are shown as black
circles. The best fitting result for these data with a single
autocorrelation curve calculated by optical Bloch equations is
included as a black solid line. This model curve can no longer
describe the line shape of the entire autocorrelation trace. In
particular, we find clear deviations between the experimental
data and the model curve for time delays between the pump
and probe pulses larger than �t ≈ 50 fs. This underestima-
tion of the experimental data by the modeled autocorrelation
trace has already been observed for molecular adsorbates on
surfaces and is a signature of an additional excited molec-
ular state at this energy [33]. To consider both states in

FIG. 5. Exemplary normalized autocorrelation curves extracted
from the k-space integrated photoemission yield of a tr-2PMM ex-
periment of the PTCDA/Pb/Ag(111) surface. As light source, a
monochromatic laser setup with p-polarized light and 3.1 eV photon
energy was used. The fits based on optical Bloch equations are
plotted as black solid lines. The measured data in both panels are the
same and presented as black circles. The data in panel (a) were fitted
with one autocorrelation revealing a lifetime of τ = 14.1 fs while the
fit curve in region (b) is the sum of two separated autocorrelation
curves, referring to the Pb and the PTCDA states. The autocorrelation
trace of the PTCDA layers yields a lifetime of 50.2 fs and contributes
33% to the fitting envelope, the one of the Pb layer yields a lifetime
of 8.3 fs with a weighting of 67% (A = 0.33).

our data analysis, we modelled the autocorrelation traces of
the PTCDA/Pb/Ag(111) multilayer system I2PMM(kx, ky, E −
EF ,�t ) at each point (kx, ky) in momentum space and for each
energy E − EF with a linear combination of two autocorrela-
tion traces AC(τi,�t ) exhibiting one lifetime τi = τPTCDA for
the molecular adsorbate states and one lifetime τi = τPb for
the Pb-derived states:

I2PMM(kx, ky, E − EF ,�t )

= A × AC(τPTCDA,�t ) + (1 − A) × AC(τPb,�t ). (1)

A and (1 − A) are the weighting factors that model the relative
contributions of both individual autocorrelation traces, with
A ∈ [0, 1]. The fitting result of this model is shown in Fig. 5(b)
as black solid line. The individual contributions of the metallic
and the molecular states are included as red and blue dashed
curves, respectively. The overall agreement of the fitting curve
with the experimental data is excellent and we find a lifetime
of τPb = 8.3 fs for the metallic state and of τPTCDA = 50.2 fs
for the molecular state. The weighting factor of the PTCDA
contribution is A = 0.33.

The same model is used to determine the momentum-
dependent lifetimes of the molecular and Pb-derived states
which are shown in Fig. 6. This approach results in individual
CE lifetime maps for the molecular and the substrate states.
To increase the reliability of our fitting procedure, we fixed
the weighting factor A for each energy to a constant value, i.e.,
the only free fitting parameters are the quasiparticle lifetimes
τPTCDA and τPb. The energy-dependent weighting factor was
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FIG. 6. Tr-2PMM data of a PTCDA monolayer film on a
Pb/Ag(111) bilayer (p-polarized light, grazing incidence, h̄ω =
3.1 eV). (a) CE intensity and lifetime maps of the PTCDA and
Pb derived states for E-EF = 2.65 eV. (b) Momentum averaged
lifetimes of PTCDA (red) and Pb (blue) -derived states of the
PTCDA/Pb/Ag(111) multilayer structure. As a reference, the mo-
mentum averaged lifetimes of the bare Pb/Ag(111) bilayer are
depicted in green and black for grazing (GI, p-pol) and normal
incidence (NI) geometry.

determined separately by analyzing the autocorrelation trace
of the momentum integrated photoemission yield using A as
a free fitting parameter. CE intensity maps (top) as well as
the lifetime maps of the PTCDA- (middle) and Pb-derived
states (bottom) are exemplarily shown for an intermediate
state energy of E-EF = 2.65 eV in Fig. 6(a). The CE intensity
map reveals a ring with azimuthal intensity modulation which
can be attributed to the Pb px/y band (dotted line). The other
features refer to bands from the occupied part of the band
structure.

Despite this well-defined emission pattern of the highly
ordered PTCDA/Pb/Ag(111) multilayer structure, the CE
lifetime maps of the molecular and Pb-derived states only
reveal a homogeneous distribution of lifetimes for all acces-
sible momenta. This might not be surprising for the molecular
states. They typically exhibit their main characteristic mo-
mentum space signatures for much larger momenta that are
inaccessible in our tr-2PMM experiment [59,66,76–79]. For
small electron momenta, their signal is dominated by the
tails of these main maxima, which do not reveal such clear
emission maxima in momentum space. However, we also
do not observe any signature of a ringlike feature of the
Pb-derived px/y band as found for the CE lifetime map of
the bare Pb/Ag(111) bilayer system for identical excitation
conditions (see Fig. 4). This directly points to a suppression
of any refilling processes of electrons into the Pb px/y band
due to the adsorption of PTCDA.

Similar results were obtained for the intermediate state
energies E-EF = 2.15 eV and E-EF = 2.85 eV. In particular,
no signatures of the band dispersion of the Pb px/y band can

be observed in the CE lifetime maps of the Pb-derived bands
for any energy. These homogeneous lifetime distributions in
all CE lifetime maps allow us to summarize the momentum-
independent lifetime for the molecular and Pb-derived states
in Fig. 6(b). The corresponding momentum-integrated life-
times of the bare Pb/Ag(111) bilayer systems for excitation in
normal and grazing incidence geometry are included as black
and green dots, respectively. For the PTCDA/Pb/Ag(111)
system, we find lifetimes of τPTCDA ≈ 45 fs for the molecu-
lar state and of τPb ≈ 8 fs for the Pb-derived signals for all
energies. The lifetimes in the energy range of the molecular
state of PTCDA on the Pb surface are comparable to previous
studies of molecular materials on metallic surfaces [80]. In-
terestingly, the lifetimes of the Pb-derived states reflect more
closely the lifetimes determined for the bare Pb/Ag(111) bi-
layer system in normal incidence geometry, and not with those
lifetimes determined in identical, grazing incidence geometry.
This observation is mainly due to the absence of the refilling
processes into the Pb px/y band. It hence supports our previ-
ous conclusion that the Pb QWS acts as an electron source
for all isotropic momentum space scattering processes in the
Pb/Ag(111) bilayer system.

Interestingly, our experimental data do not reveal any sig-
nature of an electron transfer from the molecular into the Pb
layer underneath. In particular, the molecular state in the en-
ergy range of the Pb QWS cannot act as an electron source for
the refilling of the Pb px/y band. This points to a rather weak
coupling between the pz-like orbitals of the excited molecular
states and the px/y-like orbitals of the Pb px/y band. This
observation is particularly interesting since the adsorption of
PTCDA on the Pb layer suppresses the Pb QWS due to an
at least partial chemical interaction at the interface [59]. Both
findings can only be explained by an orbital-selective interac-
tion across the interface that strongly depends on the spatial
overlap between the corresponding molecular and Pb states
at the interface. Such an orbital-selective hybridizing was
already reported for the Pb/Ag(111) interface and resulted
in an orbital-dependent broadening of the Pb valence bands
[58]. For the PTCDA/Pb interface, we propose that the large
spatial overlap and the correspondingly strong interaction be-
tween the pz-like orbitals of PTCDA and the Pb QWS are
responsible for the suppression of the Pb QWS. In contrast,
the marginal overlap between the pz orbitals of the excited
molecular states and the px/y orbitals of the Pb band results
in a marginal coupling between these states. This small cou-
pling prevents an efficient interfacial charge transfer between
molecular and Pb-derived states at the PTCDA/Pb interface.

IV. SUMMARY AND CONCLUSION

In our work, we have investigated the momentum-
dependent electron dynamics of the quantum well system of
one layer Pb on Ag(111) prior and after the adsorption of
PTCDA using tr-2PMM in different excitation geometries.
The hot electron dynamics of the bare Pb/Ag(111) bilayer
system is determined by two different scattering processes
that we find to be isotropic in momentum space. The elec-
trons of the pz-like QWS dissipate energy and momentum
via isotropic intraband scattering leading to an increase of the
quasiparticle lifetime from 12 fs to 13.2 fs from the highest
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accessible intermediate state energy towards the band bot-
tom of the parabolic QWS. In addition, we find signatures
of an isotropic (quasi-)elastic interband scattering process of
electrons from the QWS into a Pb px/y band. This refilling
process leads to a non-vanishing lifetime of the Pb px/y band
with otherwise neglectable intrinsic quasiparticle lifetime.
This clearly shows that the Pb QWS acts as an electron source
for the isotropic momentum-dependent scattering processes of
the Pb/Ag(111) bilayer system.

This conclusion is fully supported by the hot electron
dynamics of PTCDA on Pb/Ag(111) where the partially
chemical interaction between PTCDA and the Pb layer
suppresses the Pb QWS. This band structure modification
prevents any refilling and momentum-dependent interband
scattering of electrons within the Pb layer and hence results
in a neglectable quasiparticle lifetime of the Pb px/y band.
In addition, we find indications of an excited molecular state
in the energy range of the Pb px/y band with a quasiparticle
lifetime of τPTCDA ≈ 45 fs for all energies.

Altogether, our investigation of a highly symmetric and
low dimensional metallic bilayer systems has demonstrated
the important role of isotropic inter- and intraband scat-
tering processes for the momentum-dependent hot electron

dynamics of excited states with different orbital characters.
Moreover, our study demonstrated a clear link between the
adsorption-induced modification of the excited state band
structure and the corresponding hot electron dynamics of
the metallic bilayer system. These are the first crucial steps
towards controlling scattering processes of low dimensional
systems and quantum (well) materials by the adsorption of
organic molecules.
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