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Lifetime of an adsorbate excitation modified by a tunable two-dimensional substrate
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The coupling efficiency between an adsorbate and a two-dimensional substrate is probed by real-time
monitoring of the ultrafast charge transfer between a Cs atom and an ultrathin silver film of varying thickness
adsorbed on a Cu(111) surface. For the first two monolayers of the silver film, a reduction in the resonance
lifetime of the cesium 65-6p hybrid state of approximately 35% is observed. When the silver coverage further
increases, the resonance lifetime stays constant at a value close to the value for Cs adsorption on a bulk
Ag(111) surface. Both the one-electron resonant and the multielectron inelastic contributions to the adsorbate-
substrate charge transfer are theoretically evaluated based on wave-packet propagation and GW approximation.
The results support the experimental findings and allow us to assign the observed dependence of the lifetime
change in the multielectron inelastic contribution to the electron transfer rate between the Cs resonance and the

very top atomic layers of the substrate.

DOI: 10.1103/PhysRevB.78.245410

I. INTRODUCTION

The chemical activity of a surface can become signifi-
cantly altered when the thickness of the substrate approaches
the nanometer length scale. One of the most striking ex-
amples is gold, which behaves almost inert if provided as a
bulk and becomes highly reactive as nanodispersed aggre-
gate on a substrate.! In the past, experimental and theoretical
model studies addressing the microscopic mechanisms be-
hind such behavior of a surface have been undertaken on
well-defined epitaxial ultrathin metal films. Generally, one
finds that in the thickness regime below about 4 atomic lay-
ers modifications in the chemical activity are mainly due to
the interaction of the film with the underlying substrate. Of
relevance in this context there can be a structural mismatch
between film and substrate resulting in a structural distortion
and a consequent electronic perturbation at the surface.”™*
Another important mechanism influencing the charge trans-
fer across substrate-film interfaces and thereby the chemical
activity of the surface is the detailed electronic structure of
the substrate.>® As the film thickness increases, the interac-
tion with the substrate becomes less relevant for an adsor-
bate. Instead, the surface properties and chemical activity are
strongly determined by the quantized energy spectrum of
electron states [quantum-well states (QWSs)] due to electron
confinement and interference in the ultrathin metal films.’
This quantization exhibits a clear thickness dependence en-
abling, for instance, a tailoring of the adsorbate-surface
interaction.3-13

This paper addresses the change in the lifetime of an ad-
sorbate resonant electronic state (adsorbate resonance) as the
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thickness of a supporting ultrathin metal film is increased.
Adsorbate resonances have attracted considerable attention
due to their relevance in the context of electron-induced dy-
namical processes at surfaces such as resonant electron-
molecule interactions in surface photochemistry,'*~!7 atom
and molecular beam scattering,'32! and dissociative molecu-
lar adsorption.?>?3 The ultrafast decay dynamics of resonant
electronic states of atoms and molecules in interaction with
low-dimensional substrates have only been considered in
theoretical studies so far.®2*

In our experimental and theoretical case studies, we in-
vestigate the lifetime of a resonance of an individual cesium
atom adsorbed on epitaxial silver films up to 12 monolayer
(ML) thickness, supported by a (111) oriented copper sub-
strate. A Cs adsorbate on the (111) surface of a noble metal is
an appealing system to study due to very long adsorbate

resonance  lifetimes that have been  evidenced
experimentally?>?® and theoretically?’?® in these systems.?
3031

At low coverage, Cs adsorbs on a metal as a positive ion
(see also a discussion in Ref. 29 and references therein). The
long-lived Cs* resonance state is associated with the transient
capture of an electron by the Cs* adsorbate. The Cs* reso-
nance is a hybrid of the Cs 6s and 6p atomic orbitals, mainly
in the m=0 symmetry subspace?’2*32 (m is the projection of
the electron angular momentum along the atomic axis per-
pendicular to the surface). Due to the presence of a surface-
projected band gap on the (111) surfaces of noble metals, the
charge transfer between the adsorbate and the substrate is
severely hampered, leading to long lifetimes of up to tens of
femtoseconds.>>%
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For the Cs adsorption on ultrathin Ag films on Cu(111),
we observe experimentally a monotonic decrease in the Cs*
resonance lifetime within the first 3 ML of silver from a
value of 16 = 1.5 fs for the pure copper substrate to a value
of 10.5*=1.5 fs. For higher silver coverage no further
change in the lifetime is observed. The results are well sup-
ported by theoretical calculations based on a joint wave-
packet propagation and GW approximation. This approach
allows one to determine both the one-electron and multielec-
tron contributions to the decay of the Cs™ resonance. The
latter are found to dominate and are thus responsible for the
variation in the Cs* resonance lifetime with the Ag film
thickness. In the context of surface chemical reactions we
expect that such a tunability of charge-transfer rates in ultra-
thin films may be particularly useful in tailoring electron-
induced processes.

II. EXPERIMENTAL DETAILS

A. Experimental setup

The angle-resolved photoemission and two-photon photo-
emission studies were conducted using a 150 cm hemispheri-
cal energy analyzer (SPECS Phoibos 150). The total energy
resolution of the analyzer at the pass energy of 20 eV used in
these experiments is less than 20 meV, with an angular res-
olution of less than 0.15°. The electrons were collected with
a two-dimensional (2D)-detection unit consisting of a micro-
channel plate, a phosphorus screen, and a charge coupled
device (CCD) camera. This two-dimensional detector is able
to record the electron emission spectra between —7° and +7°
without rotating the sample. The laser system used for the
two-photon photoemission experiments (2PPE) and the time-
resolved two-photon photoemission experiments (TR-2PPE)
is a mode-locked Ti:sapphire laser pumped by 6.9 W from a
diode-pumped all-solid-state laser system. The system deliv-
ers linear-polarized transform-limited and squared hyper-
bolic secant temporally shaped pulses (800 nm, 82 MHz rep-
etition rate, and 23 fs pulse width) with an energy of 15
nJ/pulse. The output of the Ti:sapphire laser is frequency
doubled in a 0.2-mm-thick beta barium borate (BBO) crystal
to produce pulses of hv=3.1 eV with a pulse width of 30 fs
[determined from autocorrelation measurements in 2PPE
from the Shockley surface state (SS) of the Cu(111) surface].
A typical work function ¢ of the investigated surfaces be-
tween 3.5 and 4.5 eV allows for photoemission within a two-
step excitation process permitting the direct spectroscopic
access to intermediate excited states between Fermi edge and
vacuum level. In a conventional stroboscopic pump-probe
configuration, it also enables us to probe the decay dynamics
of the excited-state population at a temporal resolution of a
few femtoseconds.

Reference spectra probing the occupied electronic struc-
ture of the surfaces were recorded in conventional one-
photon photoemission (IPPE) using the p-polarized fourth
harmonic light (5.9 eV) of a second narrow bandwidth
Ti:Sapphire oscillator generated by sequential frequency
doubling in two BBO crystals (thickness: 0.2 mm each). For
photoemission spectroscopy the UHV chamber is addition-
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ally equipped with a gas-discharge VUV-lamp operated at a
photon energy of the Hel line 22 eV.

B. Sample preparation and characterization
1. Ag overlayers on Cu(111)

The Cu(111) substrate used in this study was cleaned by
repetitive sputtering (10 min, 500 eV) and annealing cycles
(15 min, 800K). The surface quality was checked by low-
energy electron diffraction (LEED), Auger spectroscopy, and
the photoemission characteristics (energy and spectral width)
of the Shockley surface state of the Cu(111) surface. Silver
was evaporated from a Knudsen cell-type evaporation source
at a rate of about 1 ML/min. During evaporation, the sample
temperature was held at 300K. At room temperature silver
grows in a Stranski-Krastanov mode on Cu(111): a layer by
layer growth is observed for the first two ML, and at higher
coverages  three-dimensional  (3D) island  growth
appears.’33¢ The appearance of a 9 X 9 superstructure of the
deposited silver films for low coverage has been reported in
a number of publications®>37-3¥ and was also clearly observ-
able by LEED in the present study. The development of the
superstructure arises to compensate the mismatch of about
13% in the lattice constants between a (111)-oriented silver
overlayer and the Cu(111) substrate. The strain is relieved by
a lattice of dislocation loops in the Cu(111) substrate.3® Start-
ing at a thickness of about 14 ML, quantum-well states
evolve in the Ag/Cu(111) system.**-*> The appearance of
these states is possible due to the energetic mismatch of the
sp band gaps between copper and silver close to the I'-L
direction.”

The film quality for silver film thicknesses ® >2 ML has
been improved considerably by a short annealing treatment
at T=600 K. This procedure transforms the 3D island struc-
ture into a homogeneous flat film, characterized by narrow
almost purely Lorenzian-shaped photoemission peaks from
the Shockley surface state and from the quantum-well
states.*>*3 A drawback of this preparation step is a character-
istic bifurcation of the film into areas covered by a (homo-
geneous) thick silver layer and areas covered by only 2 ML
of silver.*> However, as we will see later, the bifurcation
mode of the film barely affects the interpretation of our time-
resolved experimental results.

The binding energy of the Shockley surface state for the
Ag/Cu(111) surface depends critically on the silver film
thickness, where the highest sensitivity is observed in the
coverage regime between 0 and 5 ML.36-384344 Thig energy
shift results from the finite penetration depth (a few mono-
layer) of the surface state into the bulk and the consequent
interaction with the Ag/Cu(111) interface and the Cu(111)
substrate in this thickness regime. Figure 1(a) shows
binding-energy values of the surface state as function of sil-
ver film thickness at 300 K as obtained in an earlier photo-
emission experiment.*? In that work we paid particular atten-
tion to correct for systematic errors in the determination of
the surface state energy arising from the 3D growth of the
silver film. The binding-energy values of the surface state as
well as the thickness-dependent work function values deter-
mined from the low-energy onset of the photoemission spec-
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FIG. 1. (a) Surface state binding energy of Ag/Cu(111) as function of silver film thickness (data taken from Ref. 43). (b) Change in the
work function as function of silver film thickness determined from the onset of the photoemission spectra recorded for different coverages.
(c) 1PPE E(k;) intensity maps recorded with the Hel line of the VUV-lamp for increasing silver coverage in the thickness regime between
0 and 1 ML. As the thickness increases, the Shockley surface state of the 1-ML-thick silver areas appear in the spectrum. For a closed 1 ML
film (very right intensity map), the signal of the Cu(111) Shockley surface state has disappeared.

tra [Fig. 1(b)] are used as parameters for the theoretical mod-
eling of the Ag/Cu(ll1) system to correctly mimic the
modifications in the surface potential arising from the suc-
cessive deposition of the silver layers.

The thickness calibration required for the thin-film prepa-
ration was deduced from a measurement of the intensity ratio
between the Shockley surface state of the pure Cu(111) sub-
strate and the Shockley surface state of a single layer of
silver in 1PPE as the silver coverage increases from 0 to 1
monolayer.** Figure 1(c) shows corresponding 1PPE E(k;)
intensity maps. Due to the growth mode of the silver film, a
completed first monolayer corresponds to the coverage
where the emission from the Cu surface state has just disap-
peared. For the thickness regime ®>5 ML, additional ex-
periments were performed on a silver wedge deposited on
the Cu(111) substrate. For this kind of sample a thickness
calibration was achieved utilizing the thickness-dependent
binding-energy values of the silver film quantum-well states
as well as of the Shockley surface state [Fig. 1(a)]. These
characteristics allow for an accurate determination of the film
thickness at the wedge for ® > 14 ML regions (by means of
the QWS) and for ® <7 ML regions (by means of the
Shockley surface state). By a linear interpolation from these
two regions to the intermediate positions in the wedge, we
finally localized the sample positions corresponding to the
film thickness values between 8 and 13 ML.

2. Cesium adsorption

The adsorption of alkali atoms on metal surfaces has been
investigated thoroughly in the past from a theoretical as well

as from an experimental point of view.* In the context of the
dynamics of charge-transfer processes, cesium adsorption on
noble-metal surfaces has attracted considerable attention due
to the formation of an exceptionally long-living resonance,
first reported for the Cs/Cu(111) system.>>>° As discussed
earlier, the Cs™ resonance corresponds to the transient cap-
ture of an electron in a 6s-6p hybrid by a positively charged
Cs* adsorbate. In the limit of the adsorption of an individual
cesium atom on a noble metal, the resonance energy Eg. is
about 3 eV above the Fermi energy, almost independent of
noble-metal species and surface orientation.”$4%47 With in-
creasing Cs coverage, the resonance energy shifts toward the
Fermi energy, a behavior arising from the interaction be-
tween the excited Cs* state and the dipole layer formed by
the surrounding alkali adsorbates.?’

Figure 2 shows 2PPE E(k;) intensity maps for an increas-
ing coverage of Cs atoms adsorbed on a silver film. The Cs
was deposited from a resistive heated getter source. In these
examples, the Cs coverage ranges between a value of 0.03 to
0.05 ML. The downshift of the Cs* resonance as the cover-
age increases is clearly visible. Furthermore, no dispersion of
the Cs* resonance is noticeable, indicating a negligible wave-
function overlap between neighboring Cs atoms at these cov-
erages.

Figure 3(a) shows a 2PPE energy distribution curve
(EDC) and a 1PPE EDC at the I" point for an Ag film on
Cu(111) covered with approximately 0.05 ML of Cs as de-
duced from an E(k)) intensity map. For comparison, the top
viewgraph shows the corresponding 1PPE EDC of the sur-
face without the alkali adsorbate. The data were recorded at
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FIG. 2. (Color online) 2PPE E(k;) intensity maps for Cs adsorp-
tion on a silver film grown on Cu(111) at increasing coverage. (a)
2PPE map without Cs showing the dispersive Shockley SS of the
silver overlayer. (b) Even for very small Cs coverages a clear non-
dispersive signature from the Cs resonance state (Cs Res) appears in
the spectrum; still visible is some residual from the Shockley sur-
face state. [(c) and (d)] As the Cs coverage increases, the Cs reso-
nance shifts down in energy.

room temperature following a 600 K flash of the silver-
wedge sample. Figure 3(b) illustrates the energetics of the
1PPE and 2PPE excitation schemes. Both 1PPE spectra are
dominated by two Shockley surface state peaks (SS1 and
SS2) characteristic for the bifurcation mode of the annealed
silver film. For the alkali-free surface the binding energy of
the SS1 peak is 125 meV and is a characteristic for a 2-ML-
thick film of silver. The binding energy of 25 meV of SS2
agrees well with the value reported for the Shockley surface
state of a bulk Ag(111) sample.*® The interpolation procedure
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FIG. 3. (Color online) (a) 1PPE and 2PPE excitation schemes
illustrating the appearance of the SS peaks and the Cs peak in the
corresponding spectra. Note that the population of the Cs* reso-
nance state in the 2PPE process does not arise from a resonant
excitation from the surface states SS1 and SS2. (b) 1PPE and 2PPE
spectra of an uncesiated (top) and a cesiated surface (middle and
bottom spectra, coverage ~0.05 ML) of a 10-ML-thick silver layer
grown on Cu(111) at room temperature after flashing to 600 K. The
SS1 feature is the Shockley surface state of the surface areas cov-
ered with 2ML of silver, and the SS2 feature is the Shockley surface
state of areas covered with 10 ML of silver. The energy scale refers
to the binding energy with respect to the occupied density of states.
Note that the Cs resonance state is an excited state located at
E-Ep=+2.7 eV.
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from the border regions of the wedge, described above, en-
ables us to determine the actual silver coverage of the thick
film areas as 10 ML. The 1PPE EDC of the Cs-covered
surface shows that the alkali adsorption affects both surface
state peaks considerably: an energy shift of the states of
about 50 meV toward higher binding energies reflects the
electron donation from the Cs adsorbate to the surface state.
The obvious broadening of both states (AFWHM
~40 meV, where FWHM stands for full width at half maxi-
mum) arises from the scattering of the freely propagating
surface state electrons with the adsorbed Cs atoms as previ-
ously observed for other adsorbate systems.**>3 As both sur-
face states are similarly quantitatively modified, we conclude
that the cesium coverage at the 2 and 10 ML areas is about
equal.

In the 2PPE EDC [Fig. 3(a), bottom viewgraph] the two
surface state peaks are not present. The strong quenching of
the surface state emission in 2PPE seems to be a silver sur-
face specific effect and has been observed by other
groups.**>> Clearly visible in the spectrum is however the
Cs 6s-6p resonance state at an excitation energy E-Ep
=2.73+0.03 eV [note that the energy scale given in Fig.
3(a) refers to the binding energy of the occupied states]. For
the time-resolved experiments the Cs coverage (and in con-
sequence the Cs* resonance energy) was tuned in such a way
that a resonant excitation from the two surface states is
avoided. The energetic mismatch between Shockley surface
states (acting as the initial state of a 2PPE process) and the
Cs* resonance (as intermediate state) is evident from the
comparison of the 1PPE EDC [Fig. 3(a), middle] and the
2PPE EDC [Fig. 3(a); bottom] of the cesiated sample under
consideration of the excitation schemes illustrated in Fig.
3(b). The measured 2PPE signal (as well as the TR 2PPE
signal discussed below) from the Cs* resonance signal is
therefore an average of the signal from the 2- and 10-ML-
thick films. The relative contributions from each layer can be
estimated by the intensity ratio of the two corresponding
surface states. For the example shown in Fig. 3(a) we find a
ratio Iy vm./I» mp=3.3/1. Nevertheless, as we will later see,
this signal mixing will not affect the relevant conclusions
made from our experiment.

III. THEORY

The aim of the theoretical study is to compute the energy
FERes and the decay rate I" of the Cs* resonance state on a thin
Ag film of variable thickness. Two different decay routes
exist for the Cs™ resonance: one-electron energy-conserving
transitions (resonant decay), in which the Cs* outer electron
is transferred into bulk states of the same energy, and inelas-
tic multielectron transitions, in which the inelastic interaction
between the Cs* electron and a substrate electron leads to
two excited electrons in the substrate. The two contributions
to the decay rate are computed separately using an approach
described in Refs. 27-29 and 56. Only the general idea of the
method is presented here, together with the points specific to
the present study.

Basically, the approach consists of defining the potential,
in which the outer electron of the Cs* resonance is evolving.
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The corresponding one-electron Hamiltonian for a single ad-
sorbate on the surface is written as

H=T+V, pgs+ AVe—Surf + Vesurs (1)

where T is the electron kinetic energy.

V,.aqgs 18 the electron interaction with the adsorbate core.
As mentioned above, at low Cs coverage, Cs adsorbs on a
metal as a positive ion*3! (see also a discussion and refer-
ences in Ref. 29) and the long-lived Cs* resonance state cor-
responds to the transient capture of an electron by the Cs*
adsorbate. The long-lived Cs* resonance is a hybrid of 65 and
6p atomic states. V, 4 1S then represented by the electron-
free Cs* interaction as determined in atomic physics
studies;?’ it contains local and nonlocal terms in Kleinman-
Bylander form®® (see Ref. 53 for an explicit definition). The
adsorption distance of Cs on Cu(111) was taken equal to
3.5a,, measured from the metal image reference plane®® and
to 3.75a, for Ag(111).>° For the Ag thin layers, the adsorp-
tion distance was taken equal to that on Ag(111) (changes in
the adsorption distance by a fraction of a; is not expected to
bring a large variation in the Cs™ resonance decay rate; the
adsorption energy is expected to vary slowly, approximately
following an image charge-surface interaction law).

AV, gy is the modification of the electron-surface inter-
action potential induced by the presence of the charged ad-
sorbate. It was taken equal to the classical image charge
interaction between the active electron and the image of the
adsorbate ion core.

V,..sut 18 the electron-surface interaction potential; it is
chosen to be only a function of z, the electron-coordinate
perpendicular to the surface. For pristine Cu(111) and
Ag(111) surfaces this potential has been taken from Ref. 60
with parameters fitted to the measured low-temperature en-

ergy of the T' surface state®' and the first image-potential
state.®Y At a coverage of 1 ML of Ag on Cu(111) we use a
potential proposed in Ref. 62 with parameters fitted to the
surface state energy and the first image-potential state
energy.>> For the thicker Ag films the potential has been
modified by using the bulk Ag potential’’ for internal Ag
layers and the form in Ref. 62 for the outermost Ag layer
with parameters which reproduce the experimental energy of
the surface state and the first image-potential state® for all
Ag films of interest.

The time-dependent Schrodinger equation with the
Hamiltonian (1) is solved by wave-packet propagation on a
grid of points (see Refs. 56 and 63 for details). With the
above choice of potentials, the system is invariant by rotation
around the z-axis normal to the surface, which goes through
the adsorbate center. The projection of the electron momen-
tum on this axis, m, is a good quantum number. Since the Cs*
state is a 6s-6p hybrid of m=0 symmetry, the problem has
been solved in cylindrical coordinates within the m=0 sym-
metry. From the time dependence of the wave packet, one
can extract the energy of the resonance FEy., its resonant
decay rate Iy, and the corresponding wave function ®g..*3
The problem treated by the Hamiltonian (1) is monoelec-
tronic so that the decay rate I';, obtained in this calculation
only concerns the one-electron decay by resonant transitions
from the Cs™ resonance state into substrate states of the same
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FIG. 4. Comparison of time-resolved 2PPE autocorrelation
traces measured for the excitation of the Cs™ resonance at two dif-
ferent silver film thicknesses (1 and 8 ML). For reference also the
laser autocorrelation determined by 2PPE from the Cu(111) Shock-
ley surface state is shown. The difference in the two Cs traces arises
from the variation in the resonance lifetime as the silver film thick-
ness increases. T ¢ are the effective population relaxation times
deduced from the experimental autocorrelation traces (details see
text).

energy. The Cs* wave function ®g,,, obtained in the one-
electron wave-packet calculation is then used to obtain the
multielectron contribution to the Cs* decay, I',,, via a pertur-
bative many-body approach, based on the GW
approximation.®* Details of the calculation of T',, are given
in Refs. 28, 56, and 65.

The present theoretical study corresponds to a single Cs
adsorbate on the surface and therefore should be relevant for
discussing experimental results with a very low Cs coverage.
Theoretical analysis?’?>* showed that increasing the coverage
leads to a small change in the I}, rate and to a shift AE of
the resonance energy toward Fermi level. AE was shown?’ to
vary proportionally to (A¢)*?, where A is the surface work
function change induced by the adsorbates.

IV. LIFETIME OF THE Cs* RESONANCE:
EXPERIMENT AND THEORY

Figure 4 shows experimental 2PPE autocorrelation traces
recorded with p-polarized light for the excitation of the Cs*
resonance for adsorption on a 1-ML-thick and a 8-ML-thick
silver films. For reference, the laser autocorrelation trace,
determined by off-resonant 2PPE excitation from the Shock-
ley surface state of the silver film without adsorbate, is also
shown. Note that the data are displayed in a semilogarithmic
plot and that the constant signal background arising from the
2PPE signal of two independent laser pulses has been sub-
tracted. For these measurements, a series of 2PPE E(k;) in-
tensity maps have been recorded for various time delays be-
tween two identical incident 400 nm light pulses. From this
data set, phase-averaged autocorrelation traces are extracted
afterwards for a selected E(k;) region of interest, i.e., in the
present case at the Cs” resonance energy over an extended

regime in the vicinity of the T point. The clear broadening of
the two autocorrelation traces from the Cs* resonance in
comparison to the laser autocorrelation trace illustrates the
significant contribution to the measured signal due to the
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FIG. 5. Cs" resonance effective lifetime as function of silver film thickness: (a) T ¢ as measured in the TR-2PPE experiment and (b)

T st as determined from theory.

short but finite lifetime of the cesium resonance. Further-
more, the obvious difference between the two cesium auto-
correlation traces is evidence of a variation in the Cs* reso-
nance lifetime as the silver film thickness changes.

An absolute quantification of the detailed dynamics asso-
ciated with the Cs* resonance from 2PPE correlation mea-
surements is a complex task. The energy spectrum of the
emitted electron and its time dependence is governed not
only by the lifetime of the resonance, but also by the motion
of the adsorbate away from the surface induced by the laser
excitation.®®=% A quantitative data evaluation is further com-
plicated by effects such as the thermal vibrational excitation
of the adsorbate-substrate bond, the actual shape of the ex-
citing laser pulse, and the coupling between electronic exci-
tation and nuclear motion.%-%° Therefore extracting the reso-
nance lifetime from the experimental time-resolved 2PPE
signal, while taking the Cs motion into account is not
straightforward, and we resort to the definition of an effec-
tive population relaxation time.

The quantification of the effective Cs* population relax-
ation time is achieved by following an evaluation method
proposed and exemplified in a recent publication® and in-
spired by a discussion in Ref. 70. This approach allows one
to extract a characteristic time 7. as a measure for an
effective survival time for the Cs* resonance, modified by the
cesium motion. Even though the actual value of T .4 de-
pends on the experimental conditions (laser band width and
energy resolution), the model enables a satisfactory compari-
son between experimental data and theoretical results by de-
fining effective T o¢ times exactly the same in both cases. As
will be shown later, T o is under the present experimental
conditions approximately 0.75 times the resonance lifetime
7. We evaluate T . from the 2PPE signal as a function of
time delay as follows: a series of exponential decay functions
is calculated for different time constants and convoluted with
the laser autocorrelation trace. These traces are then quanti-
tatively compared within a )? test to the autocorrelation
traces of the Cs™ resonance. We restrict this comparison to
the time delay range between O and 100 fs. The trace yield-
ing the least x> value gives the best value for T ofr- The same
procedure is applied to the theoretical 2PPE signal computed
using the present potential-energy curves and lifetimes of the
Cs™ resonance and the modeling from Ref. 69.

Experimental T . values for Cs adsorption on a silver
film thickness varying between O and 12 ML as well as for
bulk Ag(111) are displayed in Fig. 5(a). Within the first few
monolayers of silver the lifetime of the Cs* resonance de-
creases almost linearly with the Ag film thickness. Starting
from T).4=~16%15 fs for Cs adsorption at the pure
Cu(111) substrate the lifetime decreases to Ty
~10.5%£1.5 fs, a value reached at about 3—4 ML. For
higher silver coverage, no further significant change in the
resonance lifetime could be detected, at least for the investi-
gated thickness range up to 12 ML. Even more, the T .
value found in this thickness regime agrees almost perfectly
with T . measured for the adsorption of Cs on a clean
Ag(111) sample [open triangle in Fig. 5(a)]. We conclude
that the relevant modifications in the substrate electronic
structure responsible for the population decay of the Cs ex-
citation takes place within the first three monolayers of sil-
ver. Already at silver coverage ® =4 ML the film acts on
the electron dynamics of the Cs* resonance very similarly to
a Ag(111) bulk substrate surface.

For a laser-pulse width of 30 fs, it may seem to be chal-
lenging to resolve a lifetime difference as small as 2—4 fs.
However, note the clear difference in the 2PPE autocorrela-
tion signal shown in Fig. 4 which clearly demonstrates our
subpulse resolution. Furthermore, we would like to point out
that the first three data points in Fig. 5(a) are an average from
three independent experimental runs on separately prepared
silver films, and the scatter of the respective lifetime deter-
mines the error bars. Also the lifetime values for coverages
=3 ML have been collected within two different experimen-
tal runs using a silver-wedge sample as well as individual
films of corresponding thickness. The latter data points
(=3 ML) need some additional comments. As mentioned
above, in this thickness regime, a short annealing was ap-
plied after evaporation to homogenize the film. As a draw-
back, this procedure resulted in a bifurcation of the film mor-
phology giving rise to the presence of extended areas of 2
ML thickness only. The displayed lifetime values therefore
represent an average for adsorption of Cs on a 2-ML-thick
silver film and a silver film corresponding to the labeled
thickness value. Note that the contribution from the 2 ML
film decreases with increasing film thickness. As we do not
observe any change in T . over the entire thickness regime
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TABLE 1. Theoretical results for the resonance energy Fg.s, one-electron decay rate I';,, multielectron
rate I',,, partial contribution from the surface state Fff, total decay rate I'=I";,+1I',,, lifetime 7=1/I", and
effective lifetime T o for the Cs* resonance for different substrates: clean Cu(111), clean Ag(111), and
Cu(111) covered by 1, 2, or 3ML of Ag. The Cs coverage of the surface is asymptotically small. The energies
are given in eV with respect to vacuum level. The decay rates are given in meV and the lifetime in
femtosecond. Fff is the contribution to I',, due to the interaction with the Shockley surface state.

Energy, Eges Iy L. rss r T T ef

(eV) (meV) (meV) (meV) (meV) (fs) (fs)

Clean Cu(111)? -1.952 7 16.5 6.5 23.5 28 19.5
1 ML Ag/Cu(111) -1.956 4.7 21.2 12.5 25.9 25.4 17.8
2 ML Ag/Cu(111) -1.970 7.8 28.4 15.2 36.2 18.2 14.3
3 ML Ag/Cu(111) -1.975 8.5 26.2 12.0 34.7 19 14.5
Clean Ag(111) -1.967 8.9 26.7 11.1 35.6 18.5 14.3

4Reference 28.

>3 ML, we conclude that the 2 ML contribution to the sig-
nal is negligible, at least in comparison to the experimental
error in our measurements. Only for the 3 ML data point one
may find some indication for such a (2 ML induced) system-
atic deviation toward a slightly higher lifetime value, i.e., for
a rounding of the coverage dependence of T’ ..

The results of our corresponding calculations of the Cs/
Ag/Cu(111) system (energy FEg., one-electron decay rate
I';,, multielectron rate T',,, partial contribution from the sur-
face state Fes;s total decay rate I'=I";,+TI',,, resonance life-
time 7=1/I", and effective lifetime 7' .¢) are summarized in
Table 1. The energy of the Cs™ resonance only slightly varies
from one system to the other since the same Cs* resonance is
considered that does not vary much from one system to the
other except for a small variation in the adsorption distance
between Ag and Cu. As for the resonance lifetime 7, it is
seen to significantly decrease from the Cu(111) substrate to
the Ag(111) substrate; it varies monotonically when the Ag
layer thickness is increased from O to 2 ML. The transition
from Cu to the Ag bulk lifetime value is very sharp; it is
basically finished at 2 ML; only the 1 ML Ag layer exhibits
an actual intermediate behavior. It also appears that, for all
the systems studied, the multielectron decay rate dominates
the decay of the Cs™ state so that the variation in lifetime
along the n ML Ag/Cu(111) system series has to be attributed
to the difference of the multielectron decay rate in the case of
Ag and Cu.

One can stress that the dominance of the I',, term in the
decay rate is linked with the long lifetime of the resonance.
Usually, one would expect the one-electron term I';, to
dominate over the multielectron terms. However, in these
systems, the Cs* resonance is degenerate with the surface
projected band gap of Cu(111) and Ag(111) so that the sub-
strate states, which are normally the most active in the reso-
nant charge transfer, are absent in all the systems investi-
gated here. This effect associated with the polarization of the
electronic cloud leads to a drastic reduction in the I}, rate
(typically 2 orders of magnitude on these substrates) and
therefore to the dominance of multielectron effects and to a
long lifetime.?’~2

T . values extracted from the modeling of the 2PPE-
signal (hyperbolic squared secant-shaped laser pulse with a

width (FWHM) of 30 fs) are displayed for comparison with
the experimental values of 7' .¢ in Fig. 5(b) for a silver film
thickness varying between 0 and 3 ML and for bulk Ag(111).
It appears that the T . varies approximately proportionally
to the lifetime 7 with a ratio of the order of 0.75 as already
mentioned above (this ratio decreases slightly when the life-
time increases). This shortening of the effective time T
compared to the real population lifetime 7 is similar to that
found in Ref. 69 (with different laser shapes’!). It is a direct
consequence of the Cs motion induced by the electronic ex-
citation: when the adsorbate moves away, the Cs* resonance
energy decreases and the corresponding energy of the photo-
emitted electron also decreases and moves out of the experi-
mental detection window.

From a qualitative point of view, the theoretical calcula-
tions (both 7and T o) reproduce the experimental behavior
strikingly well. Again we observe a quasilinear decrease in
the lifetime within the first few ML. The sharpness of the
transition is slightly stronger in the theoretical results than
experimentally observed. Typically the critical transition
coverage is at 2 ML in the theoretical results and around 2-3
ML in the experimental data. The comparison of the 2 and 3
ML theoretical value with the Ag(111) bulk value strongly
suggests that no further change in the lifetime exist for larger
film thickness, similarly to the experimental findings. On an
absolute scale, the theoretical T’ . times appear to be longer
than the corresponding experimental data, by typically 20%—
25%. At this point, one can stress that details of structural
distortions of the substrate and the overlayer due to the
Ag-Cu lattice mismatch as well as possible effects associated
with the 9 X9 superstructure of the silver film (for instance
back folding of the Brillouin zone or existence of different
adsorption sites) have not been taken into account; the
present modeling involves perfectly flat surfaces and over-
layers. In addition, the extraction of T'| ¢ is very sensitive to
the procedure used and to the choice of the actual laser-pulse
shape.®”-%% Still, despite these approximations, the present
theoretical study catches the main features of the evolution
of the Cs™ resonance as a function of the thickness of the thin
Ag layer. This enables us to conclude a gradual change in the
Cs* dynamics from Cu to Ag substrates, the origin of which
lies in the different efficiencies of the many-body relaxation
of an excited electron in the two metals.
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V. CONCLUDING SUMMARY

We have reported on a joint experimental-theoretical
study of the charge-transfer dynamics between a Cs adsor-
bate and an ultrathin Ag film deposited on a Cu(111) surface.
An excited transient state is localized on the Cs adsorbate
and decays by electron transfer into the substrate. The
present study reveals the evolution of the electron transfer as
the film thickness varies. The Cs* resonance state corre-
sponds to a 6s-6p hybrid and it exhibits a rather long lifetime
in the 10-30 fs range at room temperature, similarly to what
has been observed for bulk Cu(111) and bulk Ag(111) sur-
faces. The existence of a projected band gap beyond the Ag
thin film is thus able to partly stabilize the Cs* resonance in
the same way as for a Cu(111) or Ag(111) substrate. The Cs*
resonance lifetime evolves as the film thickness is increased
demonstrating the possibility to tune the adsorbate resonance
lifetime. The evolution is monotonous from Cu to Ag and is
attributed to the changes in the multielectron contribution to
electron transfer. It is remarkable that beyond 2-3 ML, the

PHYSICAL REVIEW B 78, 245410 (2008)

Cs™ resonance lifetime does not vary anymore. This is in
variance with other surface properties such as, e.g., the sur-
face state binding energy which varies over a broader range
of film thickness [see Fig. 1(a); in that case, the broad range
is attributed to the deep penetration of the surface state wave
function into the solid]. One can thus say that the charge
transfer is determined by the very first atomic planes of the
solid. It also appears that the charge transfer between Cs* and
the substrate is not influenced significantly by changes in the
surface electronic structure occurring at larger coverages,
such as, e.g., the existence of quantum-well states.
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