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Mechanisms of electron decoherence at surfaces are manifold
as they may originate from the various complex interactions of
electrons with the static crystal structure and dynamical degrees
of freedom of the environment. Decoherence effects manifest
themselves in the spectroscopic data in a convoluted fashion
and it is usually hard or even impossible to fully disentangle
them from each other because of the lack of control of
underlying mechanisms by the external observer. However,
electronic propagation in quasi-two-dimensional image potential bands (IS-bands) on flat low index surfaces of some metals
is subject to an efficient decoherence mechanism that can be
controlled externally by careful preparation of the surface. By
dosing the concentration (i.e. the coverage) of adsorbates on
clean surfaces, which act as randomly distributed scattering
centres, one can tune the strength of incoherent IS-electron

scattering from defects. Such processes in IS-bands on Cu(100)
surface have been investigated by two-photon-photoemission
(2PPE) spectroscopy and interpreted using Fermi golden rule
approach to calculation of the quasiparticle decay rates
and scattering cross sections. However, these results could
reproduce the experimental data only in a limited energy
interval. Here, we employ the description of electron decoherence in IS-bands based on the propagator approach and infrared
renormalization of quasiparticle self-energy and demonstrate
that it gives a very good agreement between the theoretical and
experimental results for the cross sections. This enables us
to discuss the temporal stages of electron dynamics and
decoherence in the intermediate states of 2PPE spectroscopy
of surface bands.
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1 Introduction Owing to the versatility of application
modes and high resolution in the energy and time domain
the two-photon photoemission (2PPE) spectroscopy has
emerged as one of the most powerful tools for the
investigation of the electronic structure of gas phase and
condensed matter systems. In the past two decades, the
applications of 2PPE to solids have provided valuable
information on electron dynamics and energetics at surfaces
and interfaces [1–4]. In 2PPE spectroscopy of surface bands,
the first laser pulse (pump pulse) excites an electron from an
initial occupied state below the Fermi energy EF into an
unoccupied image potential state below the vacuum level
EV. The population and dynamics of this intermediate
excited electron state is then probed by the second pulse,
which lifts the electron to a state above EV where its energy
and momentum K parallel to the surface are measured.
Thereby one obtains information on the properties of the

occupied and unoccupied electron states of the system in a
single experiment, albeit in a convoluted fashion. The results
of measurements are commonly interpreted in the quasiparticle picture in which the electron amplitude in the
intermediate 2PPE state is expressed as
~

AK  eiEK tG K t ;

(1)

where E~K and GK are the quasiparticle effective energy and
decay rate, respectively. The deviations from the exponential decay of quantum states has been experimentally
evidenced [5–7], although not yet in condensed matter
systems. In this work, we shall investigate the applicability
of and anticipated deviations from the representation (1) in
ultrafast experiments on the benchmark example of electron
scattering from defects in surface bands.
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A sequence of 2PPE studies of electron scattering from
adsorbates in image potential bands on Cu(100) [8–11] have
revealed the effect of defects on hot electron dynamics in
quasi-two-dimensional (Q2D) states. Quite generally, since
the momentum K is conserved in optical transitions, the
electron and hole excited in the first step of a 2PPE process
start to propagate coherently with opposite momenta in the
respective bands n and n0 (for a review of the theory of 2PPE
see Ref. [12]). Their subsequent motion is perturbed and
decohered by the interactions with defects and dynamical
degrees of freedom of the system [13–25]. To assess the
effect of localized scatterers on electron propagation in
image potential band states (IS states) during the intermediate stage of a 2PPE experiment, we resort to the survival
probability approach for decription of decoherence and
dephasing processes [21]. This approach is here justified by
the fact that the formation of image potential and the
corresponding bands on Cu surface proceeds on the
ultrashort time scale of 2 fs upon primary electron
excitation of similar temporal spread (cf. Figs. 3 and 5 in
Ref. [25]). The survival probability of the quasiparticle state
is defined by the relation
LK; n ðtÞ ¼ jhcK; n ð0ÞjcK; n ðtÞij2 ¼ jiGK; n ðtÞj2 ;

(2)

where cK;n ð0Þ and cK;n ðtÞ are the quasiparticle wavefunctions in the n-th Q2D surface band at the instants t ¼ 0
and t > 0, respectively, and iGK;n ðtÞ ¼ AK;n ðtÞ denotes the
(retarded) quasiparticle propagator or the Green’s function.
The latter describes electron evolution in the state jK; ni
from the instant of preparation t ¼ 0 to the instant of
detection t, i.e. between the quantum mechanical events of
optical excitations induced by the pump and probe photons
(cf. Fig. 1 in Ref. [21]). Complementary information is
contained in the quasiparticle phase
fK; n ðtÞ ¼ Im ln ½iGK; n ðtÞ:

(3)

which together with (2) provides a convenient quantummechanical framework for studying the temporal stages of
quasiparticle dynamics in the intermediate states of 2PPE
from surface bands. In this work, we focus on the theoretical
interpretation of selected experimental results reported in
Refs. [8–11] using the propagator formalism adapted to the
studies of electron scattering by localized defects [26].
2 General properties of quasiparticle dynamics
in surface bands The formalism for calculation of GK;n ðtÞ
which describes electron scattering from low concentration
of random defects in the Q2D image potential bands on metal
surfaces was described in detail in Section II of Ref. [17]. The
point of departure is the calculation of quasiparticle selfenergy SK;n ðvÞ ¼ LK;n ðvÞ  iG K;n ðvÞ that describes electron scattering by randomly distributed impurity potentials V
associated with adsorbates. Once SK;n ðvÞ is known, the
quasiparticle spectrum SK;n ðvÞ is calculated from the
www.pss-b.com

standard expression
SK; n ðvÞ ¼

G K; n ðvÞ=p
ðv  EK  LK; n ðvÞÞ2 þ G K; n ðvÞ2

;

(4)

where EK is the unperturbed electron energy in the state
jK; ni. Fourier transform of the spectrum yields the desired
Green’s function
Z 1
GK; n ðtÞ ¼ iQ ðtÞ
dv eivt SK; n ðvÞ;
(5)
1

which enables calculations of the quasiparticle survival
probability (2) and associated phase (3).
Analyses of the general properties of LK;n ðtÞ based on
expressions (2)–(5) reveal three distinct temporal stages of
quasiparticle propagation affected by the scattering from
isolated and randomly distributed adsorbates [17]. For the
potentials V that render finite first and second moments of the
spectrum (4) the short time propagation amplitude iGK;n ðtÞ
can be assessed by time dependent perturbation theory
[27, 28]. Under these conditions, the primary stage of
quasiparticle propagation before the establishment of energy
conservation is ballistic, meaning that external static or
dynamic perturbations have a weak effect on the survival
probability of the state jK; ISi into which the quasiparticle
was initially excited (prepared) by the pump pulse. In this
early propagation interval
 2
t
;
(6)
lim LK; n ðtÞ / 1 
t!0
tZ
where tZ is the so-called Zeno time [28] characterizing the
quasiparticle amplitude reduction during early ballistic
motion. tZ is a K-independent off-the-energy-shell quantity
that depends only on the gross properties of quasiparticle
spectrum [17].
In the second stage that corresponds to longer propagation times, the energy conservation sets in and the
standard quasiparticle picture can be applied to describe
the motion of electrons promoted into the band states.
Here, the amplitude of the excited particle perturbed by
random defects is of the form (1), i.e. it is characterized
by a quasistationary phase comprising the renormalized
quasiparticle energy E~K ¼ EK þ LK ðEK Þ and decay rate
G K ¼ G K ðE~K Þ. Hence, in this interval
LK; n ðtÞ / e2GK t ;

(7)

where for low concentration c of adsorbates one finds G K /c.
It is precisely this interval of propagation past the initial
ballistic stage (6), which allows one to introduce the notion
of quasiparticle lifetime tK ¼ 1=2G K . The quasistationary
regime also enables the definition of total cross section per
adsorbate for electron scattering from a random array of
adsorbates through the relation
sK ¼

2G K
;
cjK

(8)
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where jK ¼ K=me is the electron current in the state jKi. In
Ref. [9] the values of GK and the corresponding sK were first
determined from 2PPE measurements and then calculated
for intraband electron scattering by the dipole potential of
adsorbates using Fermi’s golden rule (FGR). This calculation corresponds to the second order perturbation theory or
Born approximation (BA) treatment of electron scattering
by isolated impurities whose validity will be critically
examined in Section 3.
The duration of quasiparticle decay described by the
exponential law (7), designated the quasiparticle lifespan,
may exceed the lifetime tK by several orders of magnitude
till the destructive interference of the amplitudes arising
from different components of the spectrum (4) cause the
wavefunction collapse [29, 27]. Past the collapse, in the third
asymptotic stage of propagation, the particle survival
probability in Q2D bands perturbed by random point defects
follows the behaviour
lim LK; n ðtÞ/

t!1

1
t2

ðln tÞ4

;

(9)

which is a much slower decay than in the intermediate
stage described by (7). In the following, we shall present a
quantitative analysis and discussion of the processes
described qualitatively by expressions (6)–(9) for the case
of dipolar electron–adsorbate scattering in the first IS-band
on Cu(100) surface (n ¼ 1) and bring them in contact with
the experimental results reported in Ref. [9].
3 Model calculations of quasiparticle dynamics
The parameters controlling the magnitudes of tZ, tK and sK,
as well as of the overall durations of the three above
discussed propagation intervals, are the strength of the
interaction V governing the electron–adsorbate scattering in
the IS-band, the concentration c or the coverage Q of
randomly distributed adsorbates, and the (quasi)dimensionality of the IS-bands. In Section II of Ref. [17], we presented
detailed derivations of the survival probabilities leading to
expressions (6)–(9). Assuming that V arises from hot
electron interaction with static adsorbate dipoles [9] one
can obtain Dyson’s expansion for the leading component of
self-energy that is linear in adsorbate concentration c. The
lowest order diagrams of this series in the perturbation V are
shown in Fig. 1.

Figure 1 (online colour at: www.pss-b.com) Lowest-order selfenergy diagrams which are linear in the concentration of adsorbates.
Full lines symbolize electron propagators and dashed lines the
adsorbate scattering potential centered at the same site (denoted
by small vertex quadrangle).
ß 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2 (online colour at: www.pss-b.com) Total cross section
sK for scattering of electrons from Cu adatoms in the first image
potential band on Cu(100). Experimental points [9] denoted by
ð2Þ
dots. Dashed line: s K calculated from FGR expression with
electron–adsorbate potential from Ref. [9] and concentration
corresponding to adsorbate coverage Q ¼ 0.7%. Full line: Same
quantity after renormalization described in the text.

Approximate expressions for SK(v) that can be brought
in direct comparison with the calculations of cross sections
reported in Ref. [9] assume weak electron–adsorbate
interaction V. The weak coupling condition ensures fast
convergence of the series for the self-energy and its
approximate representation by the first two diagrams depicted
ð2Þ
ð2Þ
ð2Þ
in Fig. 1 which yield SK ðvÞ ¼ LK ðvÞ  iG K ðvÞ. This
ð2Þ
approximaton leads to the FGR or BA expression for G K
which is equal to the one used in Ref. [9]. In Fig. 2, we show
ð2Þ
by the dashed line the corresponding BA cross section s K
obtained using (8) for IS-electron scattering from Cu
adatoms on Cu(100) surface and compare it with the
experimental data [9]. Note that by construction these values
ð2Þ
of s K are identical to the ones shown in Fig. 6 of Ref. [9].
ð2Þ
Variation of the components of SK ðvÞ and the IS-electron
spectrum calculated thereof are shown in Figs. 3 and 4,
respectively, as dashed lines. Likewise, the IS-electron
survival probability calculated in the same approximation
and illustrating the three quasiparticle propagation stages
typified by expressions (6), (7) and (9) is shown as dashed
line in Fig. 5.
The agreement between the experimental and the BA or
ð2Þ
FGR-derived values for s K shown in Fig. 2 is fairly good for
electron wavevectors K > 0.15 Å1. However, it is much less
satisfactory in the infrared region near the band bottom even
if the relatively large experimental error in that interval is
included (cf. Fig. 6 of Ref. [9]). Hence, all the results derived
ð2Þ
from approximate SK ðvÞ require special attention regardð2Þ
ing their reliability in the infrared region where s K fails to
reproduce the experimental data.
In the following, we explore the origin of and suggest the
procedure to remedy this limitation of the FGR approach in
the application to electron–adsorbate potential scattering. To
investigate the possible sources of this variance, we recall
from Ref. [17] that due to a combined effect of the form of
www.pss-b.com
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Figure 3 (online colour at: www.pss-b.com) Comparison of the
real and imaginary parts of the quasiparticle self-energy as calculated
within the FGR approach and from the fully renormalized selfenergy in the equivalent pseudopotential approach. Dash-dotted
ð2Þ
ð2Þ
line: G K ðvÞ, long dashed line: LK ðvÞ, full line: GK(v), dotted
line: LK(v). Intersection of the steep line v  EK for EK ¼ 50 meV
(K ¼ 0.115 Å1) with LK(v) giving the position of spectral
maximum in Fig. 4.

Figure 4 (online colour at: www.pss-b.com) Comparison of the ISð2Þ
electron spectra calculated with approximate SK ðvÞ (dashed line)
and infrared renormalized SK(v) (full line). Initial electron energy
EK ¼ 50 meV (K ¼ 0.115 Å1). Renormalized spectrum is dominated by Lorentzian-like quasiparticle peak whose position is determined by the zero of expression ðv  EK  LK ðvÞÞ outside the
infrared region.

scattering matrix elements VK;K0 and the Q2D character of
ð2Þ
the IS-band, the approximate self-energy SK ðvÞ exhibits a
logarithmic divergence in a narow region of quasiparticle
energies near the band bottom which produces a threshold
ð2Þ
hump in SK ðvÞ (see inset in Fig. 4). Hence, the truncation of
ð2Þ
the series for SK(v) and its approximation by SK ðvÞ may
no longer be justified in this region of the quasiparticle
spectrum irrespective of the weakness of the interaction V
(i.e. the smallness of the expansion parameter). Therefore, to
obtain consistent results for SK(v) near the band bottom, and
thereby of SK(v) and sK, all the logarithmically divergent
contributions from the series in Fig. 1 should be taken into
account.
www.pss-b.com
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Figure 5 (online colour at: www.pss-b.com) Survival probability
LK(t) of the photoexcited electron initial state jK; n ¼ ISi as a
function of time for initial energy EK ¼ 50 meV (K ¼ 0.115 Å1).
Dashed line: LK(t) calculated with the self-energy approximated
by the first two terms in Fig. 1. Full line: same quantity after infrared
renormalization described in the text. Note logarithmic scale on the
vertical axis. Inset shows the early Zeno behaviour (6). Renormalization shifts the wavefunction collapse from 600 fs to 2400 fs.

The problem of proper treatment of the logarithmically
divergent self-energy and vertex corrections near the
excitation thresholds, usually termed the infrared renormalization, is common in the studies of electron interactions
with localized perturbations [30–32]. In the present work, we
shall adopt some technical aspects used in these procedures.
To this end, we note that for quasiparticle states near the
band bottom (i.e. for small K) the associated De Broglie
wavelengths may largely exceed the range of electron–
adsorbate interactions. This suggests an approximate treatment of the series for SK(v) in which the dipolar potential V
is replaced by a contact pseudopotential whose strength is
adjusted to yield equivalent values of the renormalized sK
ð2Þ
and the FGR-derived s K in the energy interval where FGR
reproduces well the experimental results. In the present
problem, this applies to the data for which K > 0.15 Å1 [9].
The substitution of contact pseudopotential matrix elements
in the expressions for Feynman diagrams constituting SK(v)
and depicted in Fig. 1 leads to an infinite geometric series in
powers of logarithmically divergent terms that are all linear
in c and can be easily summed up. This procedure strongly
renormalizes SK(v) in the infrared region v ! 0 but has
negligible effect at higher energies. Thereby the consistency
of adjustment of the pseudopotential strength for large K, or
the equivalence of the scattering phase shifts, is preserved.
Substitution of the thus obtained imaginary part of the onthe-energy-shell self-energy in (8) yields the infrared
renormalized scattering cross section sK whose variation
with K is shown in Fig. 2 by a full line. The almost perfect
agreement of such renormalized sK with the experimental
data over a broad range of quasiparticle momenta, and
particularly in the critical low-K limit, signifies the
importance of taking into account singular multiple scattering processes through infrared renormalization of the
ß 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6 (online colour at: www.pss-b.com) Phase fK(t) (modulo
2p) of the photoexcited IS-electron for initial energy EK ¼ 50 meV
(K ¼ 0.115 Å1). fK(t) calculated with the self-energy approximated by the first two terms in Fig. 1. Full line: same quantity
after infrared renormalization. Note that the phase collapses
simultaneously with the corresponding survival probability shown
in Fig. 5.

ensuing Bloch equations. Although these findings have been
quantified for the high quality data available only for
the Cu(100) surface, and in this sense are system specific,
their general validity should hold for other surface bands
perturbed by similar effective defect potentials. In particular,
the dynamics of holes excited in the occupied parts of surface
state bands on Cu(111) and Ag(111) faces may exhibit
analogous behaviour but the experimental evidence of such
phenomena is still lacking. With improving resolution of
photoemission experiments the likelyhood of observation of
non-exponential decay of quasiparticles in surface bands
would probably be least critical in the early stage of
propagation during which the amplitude signal may still be
strong enough, likewise in some paradigmatic systems
studied earlier [33].
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[19] P. Lazić, V. M. Silkin, E. V. Chulkov, P. M. Echenique, and
B. Gumhalter, Phys. Rev. Lett. 97, 086801 (2006).
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