
Scattering and lifetime broadening of quantum well states in Pb films on Ag(111)

Michael Becker* and Richard Berndt†

Institut für Experimentelle und Angewandte Physik, Christian-Albrechts-Universität zu Kiel, D-24098 Kiel, Germany
�Received 1 April 2010; published 26 May 2010�

Quantum well states in thin Pb�111� metal films on Ag�111� surfaces were investigated using low-
temperature scanning tunneling spectroscopy. Quantitative analysis of the spectra yields the bulk-band disper-
sion in �-L direction, scattering phase shifts at interface and vacuum barrier as well as the lifetime broadening.
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I. INTRODUCTION

The quantum confinement of electronic states in thin
Pb�111� films has attracted considerable interest for almost
40 years.1,2 When the thickness of a Pb film is reduced to
the nanoscale, confinement of electrons results in discrete
energy levels associated with so-called quantum well states
�QWSs�. The specific ratio of interlayer spacing a and Fermi
wavelength �F��F /a�4� along the �111� crystallographic
direction of Pb causes a modulation of the electron density
of states near the Fermi level EF with bilayer periodicity.
Hence, increasing the film thickness by one atomic layer
has a significant impact on the physical and chemical prop-
erties of the films3 as shown for, e.g., the electrical
resistivity,4 superconducting transition temperature,5–7 Hall
coefficient,8 surface energy,9 work function,10,11 roughening
temperature,12 step height,13 electron-phonon coupling,14 and
chemical reactivity.15 By means of scanning tunneling mi-
croscopy �STM� and scanning tunneling spectroscopy �STS�
of these quantum well structures it is possible to gain infor-
mation on the band structure, scattering phase shifts, inter-
face reflectivity, and quasiparticle lifetimes of occupied as
well as unoccupied states. The quasiparticle lifetime sets the
duration of excitations and, in combination with the group
velocity, determines their mean-free path. Excited electrons
play an essential role in many physical and chemical surface
processes, such as energy transfer, electronically induced ad-
sorbate reactions, catalytic processes, and epitaxy.16,17 For
understanding these surface processes on thin metal films, it
is therefore of fundamental importance to study the decay of
electronic excitations within these films. Theoretical lifetime
studies of Pb films have already been performed for free-
standing Pb and for Pb films on Cu�111�.18,19 Experimentally,
it has been found that for Pb films on Si�111� the lifetime
broadening exhibits a quadratic energy dependence as also
found theoretically for freestanding Pb.18 Contrary to this
finding, the theoretical results for Pb/Cu�111� suggest a
rather linear dependence of the lifetime broadening on E for
energies above EF+1 eV.19 However, for Pb on closed-
packed noble-metal surfaces, experimental results for the
quasiparticle lifetimes are lacking.

Here, we report on a detailed STS study of QWSs in thin
Pb�111� films grown on Ag�111� in the thickness range from
1 to 37 monolayers �MLs�. From the QWS energies as a
function of film thickness, the bulk-band dispersion along
�-L is derived in the energy region from −0.5 to +3.5 eV
around EF. Simple models of scattering at the two bound-

aries of the Pb film, i.e., the vacuum barrier and the inverted
sp-band gap of the Ag�111� interface yield a rather accurate
description of the energy dependence of the scattering phase
shift �.20 Moreover, the widths of the spectroscopic features
of the QWS are analyzed, giving insight into hot-electron
and hot-hole dynamics in Pb films on Ag�111�.

II. EXPERIMENT

Measurements were performed with a home-built scan-
ning tunneling microscope operated at 5 K in ultrahigh
vacuum conditions. The tunneling voltage is applied to the
sample. Ag�111� single-crystal surfaces were prepared by re-
peated Ar+ sputter/anneal cycles. Pb islands of several ML
thickness were obtained by room-temperature deposition
from a tungsten crucible with a deposition rate of 1 ML/min.
Pb grows on Ag�111� in the Stranski-Krastanov mode21,22

with an initial 1-ML-thick wetting layer �WL�. At higher
coverage, flat-top islands of distinct heights are formed. Film
thicknesses are numbered in ML including the WL. Electro-
chemically etched W tips were prepared by annealing cycles
and indenting into Pb islands, thereby covering the tip apex
with Pb. Spectra of the differential conductance �dI /dV�
were acquired by using standard lock-in detection �modula-
tion amplitude 2.5 mVrms, frequency 10 kHz�.

III. MODELING

For our study we utilize the phase accumulation model
�PAM� �Refs. 23 and 24� which has been very successful in
the interpretation of image and surface states on clean metals
and of QWSs in layered noble-metal systems.25 The quanti-
zation condition for the existence of such states is based on
the Bohr-Sommerfeld quantization rule

2k�E��d + d0� + � = 2�n , �1�

where �=�C+�B is the sum of the phase shifts on reflec-
tion at the crystal �C and at the vacuum barrier �B, and k�E�
is the energy dependent wave vector of an electron propagat-
ing along the �-L direction of Pb in a slab of thickness d
+d0. d=aN is the nominal thickness, with N the number of
atomic layers, and a=2.86 Å. d0 is a constant offset which
accounts for the displacement of the position of the Pb/Ag
interface and of the image plane with respect to the jellium
edges of the film due to the spill out of electrons on both
sides of the slab.3 We assume d0 to be independent of N and
use it as a fit parameter. For constructive interference the
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total phase accumulation must be an integer multiple of 2�.
The integer quantum number n corresponds to the number of
half wavelengths of the wave function inside the slab. For
�B we have used the WKB expression,26

�B = ��3.4 �eV�/�EV − E��1/2 − � �2�

with EV the vacuum level. EV has been shown to vary with
bilayer periodicity.10,11 Here we fix a single value for all
layer thicknesses and use EV as a fit parameter.

The interface phase shift �C should vary from 0 to �
across the inverted sp-band gap of Ag�111�, varying rapidly
with E at the band edges.24,27 We have used the empirical
expression,20,28

�C = 2 arcsin��E − EL�/�EU − EL��1/2, �3�

where EU and EL are the energies of the upper and lower
edges of the projected band gap in Ag�111�, respectively.
Here EL=−0.4 and EU=3.9 eV.29 Throughout this paper
energies are measured with respect to the Fermi level of the
sample.

IV. RESULTS AND DISCUSSION

Figure 1�a� shows an image of Pb islands protruding from
the WL of Pb/Ag�111�. On Pb islands, which extend over

several adjacent Ag terraces, the difference in interlayer
spacing between Pb �2.86 Å� and Ag �2.36 Å� causes a dis-
location running from the Pb/Ag interface to the surface.
This produces a step of 0.5 Å height at the island surface.
These dislocation lines are clearly visible in the shown im-
age, Fig. 1�a�, and are used to discriminate different island
thicknesses. The image has been processed to enhance the
contrast of steps and dislocation lines.

A collection of representative constant-current dI /dV
spectra acquired atop of various island heights is displayed in
Fig. 1�b�. The spectra show a number of unoccupied states.
Similar spectra have been found in Pb islands on Cu�111�.30

The peak positions correspond to the extracted QWS ener-
gies of each island and are highlighted by solid triangles
�Fig. 1�b��. For sample voltages V�1 V, the peak structure
displays a shoulder toward higher voltages. For V�1 V the
peaks become more symmetric. This is due to the specific
band structure of thin Pb films.31 In constant-height dI /dV
spectra the states at V�1 V exhibit box-shaped line shapes
with an arctanlike onset as will be discussed in more detail in
Sec. IV B �see also Fig. 5�.

Figure 2 shows the layer resolved QWS energies versus
island height for Pb/Ag�111� numbered in monatomic layers.
Dots and triangles are obtained from constant-current �cf.
Fig. 1�b�� and constant-height dI /dV, respectively. Open
squares show QWS energies calculated as described in the
following. Similar to Pb adsorbed on Cu�111� and Si�111�
some island heights—2, 4, 5, 7, and 9 ML in the present
case—are hardly observed.32–34 For V�1 V, the QWS en-
ergies are determined from the constant-height data as the
midpoint of the onset of the arctanlike spectral feature.35 For
V�1 V the peak position of the Lorentzian-type line shapes
is used.

The sections below are organized as follows. In Sec.
IV A, the bulk dispersion along �-L is derived and the scat-
tering phase shifts are analyzed. In Sec. IV B, we analyze the
onset widths of the spectroscopic signals of the QWSs, giv-
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FIG. 1. �Color online� �a� Processed image of Pb islands on
Ag�111� �600�600 nm2, V=0.2 V�. Ag steps are clearly “shin-
ing through” the Pb island. �b� Representative constant-current
dI /dV spectra acquired on Pb islands with film thicknesses of 3, 6,
12, 17, 22, and 27 ML from bottom to top, respectively �I=5 nA�.
Triangles indicate the extracted QWS energy. Spectra are vertically
shifted for clarity.
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FIG. 2. �Color online� QWS energies versus island height for
Pb on Ag�111� numbered in monatomic layers. Dots and triangles
are obtained from constant-current and constant-height dI /dV,
respectively. Open squares show calculated QWS energies as de-
scribed in the text �vg=13.19 eV Å, kF=1.592 Å−1, d0=−0.18 Å,
and EV=4.5 eV�.
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ing insight into hot-electron and hot-hole dynamics in the Pb
films.

A. Electronic structure

From the energies of the QWSs as a function of film
thickness, the bulk-band dispersion along the �-L direction
can be derived. Figure 2 displays the layer resolved QWS
energies. For the determination of the quantum number n of
each QWS, we utilize the fact that the energy of the particu-
lar QWS located at �0.65 eV on islands consisting of an
even number of Pb layers is rather independent of the slab
thickness. It has been shown that the wave vector k of this
state is 3� /2a.36 Hence, the corresponding quantum number
n for all QWSs shown in Fig. 2 �dots and triangles� can be
derived.30

The sum of the thickness-independent phase shifts �t-i
=�C+�B+2k�E�d0 depends only on the electron energy.
Hence, the wave vector k�E� at a given energy can be de-
rived from the QWSs at that energy. Consider N1 and N2,
corresponding to film thicknesses of two QWSs at the same
energy E=E1=E2 with quantum number n1 and n2, respec-
tively. Equation �1� leads to

k�E� = ��n2 − n1�/��N2 − N1�a� . �4�

In view of the uncertainty margins in determining QWS en-
ergies from dI /dV spectra, we applied Eq. �4� to pairs
of QWSs whose energies differ by less than 30 meV, i.e.,
�E2−E1��30 meV. Figure 3 summarizes the results for the
dispersion along �-L in an extended Brillouin-zone scheme.
The band exhibits an approximately linear relation between
E and k over the entire energy range.37 The slope of the
dispersion relation converts to a constant group velocity vg
=13.19 eV Å and a Fermi wave vector kF=1.592 Å−1. The
result for kF is very close to the value from angle-resolved
photoemission spectroscopy, kF=1.598 Å−1, and de Haas-
van Alphen measurements, kF=1.596 Å−1.14,38,39 It is impor-
tant to note that the dispersion relation of Fig. 3 has been
obtained without using the scattering phase shift at the

vacuum barrier. Thus, our result would not be affected by a
STM-induced Stark shift.40

Using the above derived linear dispersion relation along
�-L, we can now calculate the scattering phase shifts from
the experimental data. Figure 4 shows the resulting �t-i �dots
and triangles�. A solid line shows �t-i as calculated from Eqs.
�1�–�3�. Given the expressions for �B and �C we find that
the experimental data are best described with d0=−0.18 Å
and EV=4.5 eV. Figure 4 shows that simple models for the
scattering phase shift yield a rather accurate description for
the experimentally observed �t-i over the entire energy range
investigated here. The divergence of �B for E→EV is clearly
observable and points to the massive impact of the vacuum
barrier phase shift on the energetic positions of the higher
lying QWSs. EV=4.5 eV as found here compares well with
EV=4.6 eV as inferred from STS data of Pb QWSs on
Cu�111�.30 Furthermore, the very good agreement of calcu-
lated QWS energies, using the PAM together with the
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FIG. 3. �Color online� Bulk band dispersion along the �-L
direction shown in the extended Brillouin-zone scheme. Data
from constant-current and constant-height data are indicated by
dots and triangles, respectively. A linear fit �solid line� yields
vg=13.19 eV Å and kF=1.592 Å−1.
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FIG. 4. �Color online� �t-i, sum of the thickness-independent
phase shifts. Data from constant-current and constant-height data
are indicated by dots and triangles, respectively. �t-i as calculated
from Eqs. �1�–�3� with vg=13.19 eV Å, kF=1.592 Å−1,
d0=−0.18 Å, and EV=4.5 eV is shown as a solid line.
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FIG. 5. �Color online� Exemplary constant-height dI /dV spec-
trum of 36 ML Pb. Inset shows a zoom in the same spectrum. The
three gray lines on the left and on the right QWS indicate how the
onset linewidths are determined for arctanlike QWS line shapes
�left� and a Lorentzian-type line shape �right�. Red dots highlight
the intersection points, used to determine 	.
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derived values for vg=13.19 eV Å, kF=1.592 Å−1,
d0=−0.18 Å, and EV=4.5 eV, and the experimental data as
shown in Fig. 2 are remarkable.

B. Lifetime broadening

In the following, we discuss the linewidths of the Pb/
Ag�111� QWSs. Figure 5 shows an exemplary constant-
height dI /dV spectrum of an 36 ML Pb film. The shapes of
the QWS features change with varying voltage. For V
�1 V the QWSs give rise to box-shaped spectral features,
while for V�1 V the line shapes are Lorentzian type. We
found that this energy dependence of the spectral line shapes
is universal for all investigated film thicknesses and we as-
sign it to the peculiar band structure of the Pb QWSs.

For Pb films it has been shown that the dispersion of the
QWSs shows a quasifree-electronlike dispersion near the

zone center �̄ but at larger in-plane momenta the dispersion
flattens.31,41–43 For QWSs at higher energies, the effective

mass near �̄ increases. For the unoccupied QWSs in the vi-

cinity of �̄, this can result in almost nondispersive bands,
yielding a Lorentzian line shape in STS.44–46 Hence, for volt-
ages below 0.9 eV we assume that the onset is well described
by the arctan-shaped onset of a two-dimensional quasifree
electron gas.35 The steplike spectral features of the QWSs are
in contrast to spectra measured on Pb/Si�111� where also the
QWS below 1 V exhibit Lorentzian line shapes.10,18 This
difference in line shape may be explained by the enhanced
lossy interface scattering, induced by disorder at the Pb/Si
interface as observed in Ref. 18, affecting the line shape of
the QWSs. Therefore, from observing the arctan-shaped on-
sets we infer that Pb films on Ag�111� exhibit a high-quality
ordered interface.

As for QWSs with energies above 1 eV the observed
spectral feature turns to a symmetric Lorentzian line shape,
the contribution of tunneling electrons with finite in-plane
momenta decreases and should contribute less than 10 meV

to the Lorentzian linewidth of the excitation at the �̄
point.44,45 Hence, we assign Lorentzian line shapes to QWSs
with energies above 1.1 eV. For QWSs with energies ranging
from 0.9 to 1.1 eV the distinction between arctan and Lorent-
zian line shape is difficult and therefore we concentrate on
QWS energies outside this energy range. In order to deter-
mine the lifetime broadening we analyze the QWSs onset
widths following the surface-state analysis of Li et al. de-
scribed in Ref. 35. To quantify the onset width, which we
denote 	, we adopt the geometrical definition illustrated in
the inset in Fig. 5. For arctanlike features �left QWS� we
extrapolate the slope at the midpoint of the rise to the con-
tinuation of the differential conductance above and below the
onset. For Lorentzian-type features �right QWS� we extrapo-
late the slope at the steepest point of the rise to the continu-
ation of the differential conductance below the onset and to
the continuation of the steepest point of the trailing edge.
The red dots highlight the intersection points, used to deter-
mine 	.

We have also used constant-current dI /dV spectra to de-
termine 	. In order to minimize the distorting influence of

the constant-current modus on the observed line shapes we
normalize the constant-current dI /dV spectra to remove the
influence of the changing tip-sample distance.47–49 We find
that the normalization recovers the box-shaped QWS spectra
for energies below 1 eV. For the unoccupied states we find
that analyzing the two kinds of dI /dV spectra, i.e., constant
height and normalized constant current, yield linewidths
which are in good agreement. This indicates the reliability of
the normalization scheme also for linewidth determinations
in the shown voltage range.

For arctan line shapes, the lifetime broadening �
 can
be extracted from the geometrical onset width 	 as �


= �2 /��	.17,35 For Lorentzian line shapes it can be shown
by means of simple line shape analysis arguments that the
geometrical onset width 	 as defined above relates to �
 as
�
= �2 /�3�	.

Figure 6 shows �
, obtained using the above-mentioned
line shape analysis. We find that for energies below
E�−0.4 eV, �
 increases more rapidly as a function of
�E� than for positive voltages. We assign this to the lower
band edge in Ag�111�. Below the lower band edge at
E=−0.4 eV the Pb QWSs turn into quantum well resonances
due to the reduced confinement at the Pb/Ag interface. Thus,
the elastic-scattering rate of holelike excitations in the quan-
tum well rises, leading to the observed increase in �
.

19,50

For energies within the inverted sp-band gap �−0.4 eV�E
�3.9 eV�, we find that �
 is independent of film thickness
within the uncertainty margins. Hence, we assume the line-
width contribution due to the lossy interface scattering into
the Ag�111� substrate to be rather small.

In the absence of defects within the Pb films, there are
mainly three contributions to �
 to be considered,

�
 = �0 + �e-p�E� + �e-e�E� . �5�

�e-e�E� and �e-p�E� denote the electron-electron �e-e� and
electron-phonon-scattering rates, respectively. �0 accounts
for the lossy interface scattering. In Ref. 18, �e-p�E�
�20 meV at EF has been calculated for freestanding Pb at a
temperature of 5 K. As ��e-p�EF�−�e-p�E���10 meV for E
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FIG. 6. �Color online� Lifetime broadening �
. Data from
constant-current and constant-height data are indicated by dots and
triangles, respectively. Solid orange line is a quadratic fit to the
energy range from E−EF=−0.4 to 3 eV. A dashed black line shows
a linear fit for E−EF�1 eV.
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�2.5 eV, we assume a constant contribution of �e-p to the
lifetime broadening over the energy range investigated here.
From Fermi-liquid theory, as shown by Quinn-Ferrell, the e-e
scattering is expected to exhibit a quadratic energy depen-
dence for states close to EF.51 For Pb such a description
yields �e-e�E�=��E−EF�2 with �=0.027 eV−1. The solid or-
ange line shows such a quadratic energy dependence fitted to
our data in the energy range between −0.4 and 3 eV. The
jump in �
 that occurs at E�1 eV is linked to the different
line shapes found for QWSs with energies below and above
�1 eV. For the e-e scattering we find �=0.023 eV−1 which
compares very well with the Quinn-Ferrell value and with
�=0.026 eV−1 as measured by Hong et al.18 However, for
energies above 1 eV a deviation of the quadratic energy de-
pendence �shown by the dashed black line in Fig. 6� is ob-
served. The fitted line has a slope of 53 meV eV−1. A similar
linear dependence has also been found theoretically for Pb
islands on Cu�111�.19 There it has been argued that the linear
dependence is signaling deviations of the random-phase-
approximation linewidth from simple quadratic dependence.
The reported slope of 52 meV eV−1 is in good agreement
with our measured data.

The fit also yields a constant offset of �0+�e-p�EF�
=29 meV. Comparing this result with the above-mentioned
calculations for �e-p of freestanding Pb, supports the assump-
tion that the contribution of the lossy scattering to the life-
time broadening is small and on the order of �0�10 meV at
EF. A similar analysis for the �3��3 and the 7�7 inter-

face of Pb/Si yields �0�50 meV and �140 meV at EF,
respectively.18 Hence, the Pb/Ag interface yields a better
confinement than the Pb/Si interface and this possibly causes
the observability of the box-shaped QWSs below �1 eV.

V. CONCLUSION

In summary, quantum well states in Pb�111� films up to
37 ML have been investigated. The thickness dependence of
the QWS energies is found to be very well fitted with the
phase accumulation model including energy-dependent scat-
tering phase shifts at the interface and the vacuum barriers.
The dispersion along the �-L direction is well approximated
by a constant group velocity of vg=13.19 eV Å. The Pb/Ag
interface is of high quality, such that the lossy interface
scattering contribution to the lifetime broadening is signifi-
cantly reduced compared to Pb/Si interfaces. The electron-
electron lifetime broadening follows to a good approxima-
tion a quadratic energy dependence �e-e=��E−EF�2 with
�=0.023 eV−1. However small deviations of the quadratic
energy dependence are observed and may be caused by a
deviation of the screening behavior of the Pb electrons com-
pared to that of a homogeneous electron gas.19
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