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The two photon photoemission technique has been utilized to investigate the adsorbate electron affinity de-
pendence of interfacial electron transfer dynamics. The comparison of calculated and experimental results
highlight a brief discussion of a dielectric continuum model. For the n-heptane/Ag(111) and the benzene/
Ag(111) interfaces, the model effectively reproduces experimental image potential state properties. The model
fails to adequately describe the influence of anthracene adsorbates on image potential state lifetimes, as demon-
strated by the experimental and theoretical results. The experimental n = 1 lifetime of 1200 femtoseconds and
binding energy of -0.53 eV for the anthracene bilayer differ greatly from the calculated values of 40 femto-

seconds and -1.4 eV.

The application of femtosecond (fs) laser technology to
two photon photoemission (TPPE) has transformed the exper-
imental investigation of electron dynamics in metals and at
metal surfaces. Indirect information has long been accessible
via linewidth analysis of static spectra obtained from inverse
photoemission,' and high resolution electron energy loss
spectroscopy studies,” but the difficulty in distinguishing be-
tween phase and energy relaxation, as well as the complicat-
ing influence of inhomogeneous broadening, stresses the im-
portance of directly measuring electron dynamics.

The two photon photoemission technique populates un-
occupied electronic states with a pump pulse and photoemits
the excited state electrons with a probe pulse, as depicted in
Fig. 1(a). The binding energy of the unoccupied electronic
states can be determined by measuring the kinetic energy of
the photoemitted electrons and then subtracting the energy of
the probe pulse photon. The excited state lifetimes can be de-
termined by measuring the number of electrons detected as a
function of time delay between the arrival of the pump and the
probe pulses at the sample. The direct observation of excited
state lifetimes constitutes the most significant advantage of
TPPE (see Fig. 1).

Time resolved TPPE has been utilized to study many as-
pects of electron dynamics in metals and at metal surfaces.
Numerous experimental investigations of hot electron dynam-
ics have been conducted to date in an attempt to determine the
influence of the metal band structure on electron dynamics.*”’
The phase resolved interferometric two photon photoemission
studies of Petek and coworkers have directly determined the
energy dependence of both population and phase decay for no-
ble metal surfaces.” As expected from Fermi liquid theory,
electrons with energies near the Fermi level have the longest

lifetimes. The scattering times of electrons with energies far
from the Fermi energy resemble those of the Drude model.*”
The presence of occupied d-bands, however, results in signifi-
cant deviations from Fermi liquid theory behavior. Initial
studies of the spin dependence of hot electron lifetimes in fer-
romagnetic materials have also been conducted.®*

The energy and lifetime of the adsorbate electron affin-
ity (EA) levels have received significant attention due to their
proposed importance in metal surface photochemistry and
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Fig. 1. (a) TPPE as described in the text. By varying the
time delay between the pulses, At, the dynamics
of excited states can be directly observed. (b)
Photoemission uses one photon to probe occu-
pied states below the Fermi energy. This tech-
nique is unable to access bound excited states, or
directly observe electron dynamics. (c¢) Inverse
photoemission scatters a monoenergetic beam of
electrons from a surface and monitors the emit-
ted light. This technique can access excited
states, but with poor energy resolution and with-
out direct time resolution.
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charge injection at device interfaces.”'’ Understanding the
role of hot electrons in electron induced dissociation has di-
rected numerous studies of atoms and molecules chemically
adsorbed on metal surfaces. The model system of CO adsorp-
tion on Cu has received the most extensive investigation.'"™"*
Wolf and coworkers measured the lifetime of the 2n* EA4 level
to be 0.8-5 fs'' and have determined the relative importance of
direct and indirect excitation mechanisms for the population
of unoccupied states at metal surfaces with substrate elec-
trons.'? Studies of the unoccupied anti-bonding orbital that
results from Cs chemisorption on Cu have also been con-
ducted.'*'® Ogawa et al. determined the lifetime of the unoc-
cupied anti-bonding state of the Cs/Cu(111) system to be 50
fs,'* significantly longer than theory predicted.

Image potential states have also been observed for a
wide class of metal/adsorbate interfaces. Image potential
states result from the interaction between an electron outside
of a surface and the surface polarization induced by the elec-
tron. The effect of the surface polarization can be represented
as a positive image charge with a distance from the surface
equal in magnitude, but opposite in direction, from that of the
electron.'®'” The resultant Coulomb potential outside of a
metal surface, V(z) = -1/4z, supports an infinite series of
hydrogenic states that converge to the vacuum energy, i.e., im-
age potential states. The proximity of image potential states
to the surface (the expectation value of n = 1 lies roughly 3 A
outside the metal surface) makes image potential states highly
sensitive to adsorbate induced variations in the interfacial
electronic properties.

The influence of physically adsorbed atoms and mole-
cules on interfacial electron dynamics has been demonstrated
for a variety of adsorbates and substrates.'*'%"’ The present
manuscript will first describe the important influence of the
adsorbate £4 on image potential state lifetimes and binding
energies. A dielectric continuum model that effectively repro-
duces the experimental findings for n-heptane and benzene
adsorbates on the Ag(111) surface will be described. The pa-
per will conclude with a presentation of the experimental and
theoretical image potential state lifetimes and binding ener-
gies for the naphthalene/Ag(111) and anthracene/Ag(111) in-
terfaces. The deviation between experiment and theory for
anthracene demonstrates a significant limitation of the dielec-
tric continuum model. An alternative model based upon the
two band nearly free electron model has been constructed that
effectively reproduces the experimental findings for both
naphthalene and anthracene.”

The differences in lifetimes and binding energies for the
n-heptane/Ag(111) and the benzene/Ag(111) interfaces have
been successfully explained through the use of a dielectric
continuum model. Within this model, the most important dif-
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ference between these two adsorbates is that benzene has an
attractive EA4, while n-heptane has a repulsive £4. The repul-
sive EA4 of the n-heptane layer effectively decouples the image
potential states from the substrate, resulting in longer life-
times and reduced binding energies.?' The attractive E4 of the
benzene layer produces image potential states that reside pre-
dominantly in the screened image potential at the ben-
zene/Ag(111) interface, resulting in lifetimes and binding en-
ergies only weakly perturbed from the Ag(111) values.”* The
experimental results for n-heptane and benzene demonstrate
the significant variation in image potential state properties
that result from variations in adsorbate EA. The n =1 image
potential state lifetimes and binding energies change from 36
fs and -0.77 eV for the bare Ag(111) to 1600 fs and -0.53 eV
for a bilayer of n-heptane and 45 fs and -0.68 eV for a bilayer
of benzene.

Dielectric continuum model calculations treat the adsor-
bate as a uniform dielectric layer.”*** The potential outside of
the substrate is modified by the £4, dielectric constant and
width of the dielectric layer (see Fig. 2). Within the layer, the
image potential is screened by the dielectric and converges to
the EA level, V(z) =-1/4¢ez— EA, where € represents the dielec-
tric constant. Outside of the layer, the dielectric screens the
interaction between the metal and the electron. Additionally,
the electron is attracted to the polarization it induces in the
overlayer, forming a second image potential. The total poten-
tial outside the layer is a sum of these two effects. To avoid
singularities, the potential is cut off at the Fermi energy at the
metal/adsorbate interface, and interpolated linearly at the ad-
sorbate/vacuum interface.

The total potential outside of the substrate is used in a
numerical integration of the Schrédinger equation. Eigen-
states occur for binding energies where the wavefunction out-
side the surface matches the metal wavefunction at z = 0 and
disappears as z goes to infinity. The metal wavefunction is
represented by a two band nearly free electron model, using
bulk silver parameters for the [111] direction. Fig. 2 depicts
the calculated potentials and wavefunctions for a bilayer of
benzene and a bilayer of n-heptane. The image potential state
electrons described by these wavefunctions are expected to
decay via a scattering process with the metal. This scattering
process is enhanced for electronic wavefunctions that have a
large overlap with the metal, resulting in shorter lifetimes.”
Quantitative values for image potential electronic lifetimes
can be obtained by determining the electron density of the cal-
culated wavefunctions in the metal. Fig. 3 shows binding en-
ergies and lifetimes for molecules with several different £4,
comparing the experimental results to calculated values.

In Fig. 2(a) the effect of adsorbed n-heptane, with a re-
pulsive EA, can be observed. The potential in the n-heptane
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Fig. 2.
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Dielectric continuum model potentials and squared wavefunctions are plotted as a function of distance from the sur-
face, z. The dashed vertical line corresponds to the layer/vacuum boundary. (a) An n-heptane overlayer with a repul-
sive EA results in a potential barrier, pushing the electron out to the layer/vacuum interface and decreasing the overlap
with the metal. (b) A benzene overlayer with an attractive £4 results in a larger overlap with both the benzene layer and
the metal. Note the wavefunction amplitudes in the metal, which are inversely proportional to the electronic lifetimes.
The wavefunction amplitudes in the metal are different by roughly two orders of magnitude, consistent with the large
differences in experimental lifetimes.
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layer converges to a value greater than the vacuum energy.
The resultant barrier forces the image potential state electron
to reside at the n-heptane/vacuum interface. The barrier effec-
tively decouples the electron from the metal and significantly
increases the image state lifetime. The effect of an adsorbed
benzene layer, with an attractive affinity level, is shown in
Fig. 2(b). The potential for the benzene layer converges to the
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EAlevel, 0.6 eV below the vacuum energy. This results in an
n = 1 image state positioned within the layer. The weak
multilayer dependence of the calculated wavefunctions leads
to multilayer independent n = 1 lifetimes, consistent with ex-
perimental findings.

The EA dependence of the n = 1 image potential state
lifetimes and binding energies appear in Fig. 3. The signifi-
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Fig. 3.

Experimental (O) and calculated (—) values for (a) the binding energies and (b) the lifetimes of n = 1 image potential
states as a function of E4. These values correspond to bilayer coverages. The calculations use typical values for layer
thickness and dielectric constant, with the £4 as the only varied parameter. This demonstrates the significant influence
of the £4 in the dielectric continuum model, but does not necessarily obtain the best agreement with experimental re-
sults. By choosing material specific parameters, excellent agreement has been achieved for benzene and
n-heptane.?"??> The dielectric continuum model does not reproduce experimental values for anthracene when appropri-
ate parameters are chosen.
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cant deviation between the values predicted by the dielectric
continuum model and those measured with TPPE for anthra-
cene clearly demonstrate a significant weakness in the model.
An alternative model based upon the two band nearly free
electron model has been constructed that effectively repro-
duces the experimental findings for both naphthalene and
anthracene.”” This alternative model demonstrates that the
coupling between the image potential and the adsorbate E4
dictates the binding energies and lifetimes of the electronic
states observed with TPPE. The energetic position of the ad-
sorbate EA with respect to the energy of the image potential
states at the adsorbate/vacuum boundary determines the
strength of their interaction. The binding energies of n =1 im-
age potential states at metal surfaces vary from roughly -0.85
eV t0 -0.5 eV, similar to the affinity level binding energy of
benzene, -0.6 eV,** and naphthalene, -1.0 eV,”" 8 but signifi-
cantly different than those of n-heptane, 0.2 e¢V,” and anthra-
cene, -1.5 eV.?®*° The EA of benzene and naphthalene inter-
act strongly with the » = 1 image potential state due to the
small energy separation, while the E4 of n-heptane and
anthracene interact weakly due to the large energy separation.
The experimental results presented in Fig. 3(b) clearly dem-
onstrate this distinction.

The dielectric continuum model adequately explains
image potential state properties for a variety of adsorbate ma-
terials, including saturated hydrocarbons, noble gases, and
benzene. The inability of the model to reproduce the experi-
mental lifetimes for anthracene clearly show a significant lim-
itation in the dielectric continuum model. These results dem-
onstrate the importance of femtosecond time resolution in the
direct observation of electron dynamics at metal surfaces.
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