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Abstract

Femtosecond time-resolved two-photon photoemission spectroscopy (TPPE) has been used to measure the lifetimes of
image potential electrons at alkane mono- and bilayers on Ag(111). The n = 1 lifetimes for zero, one, and two layers of
n-heptane on Ag(111) are 32+ 10 fs, 155+ 20 fs, and 1580+ 200 fs, respectively. This approximately exponential increase
in lifetime is consistent with a tunneling picture in which the adlayer forms a barrier that slows the decay of an image
potential electron back into the metal. The existence of the tunneling barrier is consistent with the repulsive electron affinity
of the longer chain n-alkanes in the condensed phase. The lifetimes of the higher quantum states indicate that the presence
of the monolayer significantly reduces coupling of the image states to the bulk band structure, so that further changes in
lifetime are determined by the adlayer barrier and an attempt rate related to the classical oscillation time in the modified
image potential well. These results are compared with quantitative predictions of a model by Cole which considers the
tunneling barrier presented by the layer and the effect of the layer on the attempt rate. These results are considered in the
context of previous TPPE studies of metal-insulator interfaces.

1. Introduction

Interfaces between dissimilar materials are inher-
ently fascinating because the juxtaposition of materi-
als may produce interface states characterized by en-
ergy levels and excited state dynamics which are quite
different from those in the bulk of the respective ma-
terials. This interfacial electronic structure influences
the performance of an electronic device incorporating
the materials of interest. The advent of various poly-
meric electronic materials has led to great interest in
understanding band structure and carrier transport in
layered metal-organic systems. Here we apply time-

* Corresponding author.

Elsevier Science B.V.
SSDI10301-0104(95)00375-4

resolved TPPE spectroscopy to explore the behavior
of conduction electrons on a model system compris-
ing a single crystal Ag(111) substrate and one or two
molecular layers of a straight-chain alkane.

The study of excess electrons on atomic and molec-
ular adlayers in the ultrathin limit affords an opportu-
nity to investigate the electronic structure and transport
properties associated with Angstrom-scale materials
in a well-controlled fashion. Layer-by-layer growth on
single crystal substrates has made possible the investi-
gation of the properties of excited electrons in environ-
ments varying continuously froin a monolayer to thick
slabs approaching the bulk. For ultrathin insulating
adlayers, familiar effects such as dielectric screening
and conduction band formation may be inadequately
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described by the familiar bulk parameters of dielectric
constant and electron affinity. The electronic coupling
across the interface may depend critically on the ad-
layer thickness, as shown below.

TPPE has been successfully applied to the study
of both bulk and surface photoinduced electronic pro-
cesses in metals. The relaxation of photoexcited bulk
electrons in metals was first measured by Bokor and
coworkers [ 1], who studied polycrystalline gold films
with 400 fs laser pulses. Schmuttenmaier et al. [2],
and recently Ogawa and Petek [3], have since carried
out such studies on copper single crystals with much
better time resolution. These studies have confirmed
the approximate validity of the Fermi liquid theory
prediction that the relaxation rate for bulk electrons
excited above the Fermi level varies as (E — Eg)2.
However, TPPE has proven particularly powerful in
observing systematic deviations from that theory, il-
lustrating the importance of directly monitoring the
time-dependent electron distribution.

The study of image potential states at metal surfaces
using TPPE was pioneered by Himpsel, Steinmann,
and coworkers. Early work demonstrated the utility of
TPPE for studying the lower members of the image
potential Rydberg series outside metal surfaces [4,5].
A major contribution of their work was to systemati-
cally test the multiple reflection theory [6] for calcu-
lating the effect of metal band structure on the image
potential state binding energies. Angle-resolved stud-
ies also demonstrated the feasibility of measuring the
surface 2-D band structure [7]. Lifetime questions for
a variety of bare metals and O/Ni(100) have been
approached through careful study of linewidths [8].
These groups have continued their work in the direc-
tion of studying metal-on-metal films [9,10] and im-
age states of reduced dimensionality on stepped metal
surfaces [11]. A comprehensive and lucid review of
the field has recently been given by Fauster and Stein-
mann [12].

It is worthwhile to elaborate on some basic physics
of image potential states on metals, since the interface
electronic states discussed in this paper are derived
from them. An electron outside of a perfect conductor
induces a positive charge on the surface, giving rise
to a Coulombic attraction between the electron and
the metal. This Coulomb potential, often derived by
the method of image charges in classical electrostat-
ics, may give rise to a Rydberg series of bound states
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Fig. 1. Energy diagram in units of eV for clectronic states at the
Ag(111) surface. The left side shows the energies of the projected
bulk states at k=0, referenced to the Fermi level. The right side
shows the location of the lowest members of the image series
and the occupied surface state. Binding energies Ep of the image

states are referenced to the vacuum level. The vacuum level and
the Fermi level are separated in energy by the work function.

located primarily outside the metal surface and con-
verging to the vacuum level in energy. The image po-
tential always exists outside a metal surface, but quasi-
stationary surface states result when their energies lie
in a relative gap in the projected bulk band structure
[13], as is the case for certain crystallographic faces
of various metals. An electron in the vacuum is then
bound by the Coulomb potential while inhibited from
decaying into the metal by the existence of the gap
[6]. This is the case for the entire Rydberg series for
Ag(100), Cu(100), and Pd(111), where the vacuum
level is near the center of the gap. The higher quantum
states n > 2 are degenerate with the bulk conduction
band for Ag(111) and Cu(111), but these states can
nevertheless be observed as relatively narrow features
in TPPE spectroscopy. Apparently the effect on life-
time of degeneracy with the bulk conduction band is
mitigated by the fact that the probability density for
the higher quantum states is located farther out in the
vacuum, reducing the coupling to the bulk states. The
positions of the image potential states relative to the
projected bulk bands at k| = 0 for Ag(111) are shown
in Fig. 1, using data from Ref. [12]. On bare met-
als, image electron motion parallel to the surface has
parabolic dispersion with an effective mass interme-
diate between that of a free electron and the projected
bulk band edge that the image potential state crosses
[71.
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Several image state properties on bare metals de-
pend on the position of the image state within the gap
in the projected bulk band structure and the concomi-
tant effect on matching the exponentially damped, os-
cillatory wave function in the metal with the hydro-
genic wave function in the vacuum. The wave func-
tion matching requirement is typically expressed in the
image potential state literature in the language of the
muitiple reflection theory {6] as a phase shift condi-
tion for the existence of image potential bound states.
Multiple reflection theory incorporating the two-band
nearly-free electron description of the metal correctly
predicts that binding energies approach those of the
hydrogenic model (i.e. Ep = —0.85 eV/n?) for im-
age states located near the top of a gap. Wave function
matching calculations indicate that penetration of the
evanescent wave into the metal should be maximum
for states near the top of the gap and minimum for
those near the center [12]. This implies that, all other
factors being equal, an n = 1 image potential state near
the top of the gap will overlap more strongly with bulk
states and thus decay faster than one closer to the cen-
ter. The lifetime is also predicted to depend on quan-
tum number n, varying as n? for n > 5 and somwhat
less strongly for n < 5 [6,14]. This dependence on n
can be thought of as being due to the variation of the
classical period of motion in the potential well, which
constitutes an “attempt rate” for penetration into the
bulk of the metal substrate [15].

The first time-resolved measurements of image po-
tential state lifetimes on metal surfaces were made by
Schoenlein et al. [ 16-18]. These experiments demon-
strated that the bare surface lifetimes depend strongly
on the classical oscillation time within the image po-
tential well in the vacuum (i.e. dependence on prin-
cipal quantum number n) and on the position of im-
age potential states relative to the metal projected bulk
band structure. On Ag(100), where the conduction
band edge is almost two electron volts above the vac-
uum level, the entire image potential Rydberg series is
in the projected bulk band gap; in this case the trend
in lifetimes for n = 1 and 2 (25 and 180 fs, respec-
tively) is adequately described by theory. However,
for Ag(111), the n = 2 image potential state is de-
generate with the conduction band and has a shorter
lifetime than n = 1 (7Tp=2 < Th=1 < 20 fs). Here the
relative placement of the image states with respect to
the bulk band structure of the metal substrate, i.e. in

or out of the gap, dominates the variation in image
potential state lifetimes. However the effect of exact
location within the gap, which influences the extent
of wave function penetration into the metal, seems to
be a much weaker effect. This can be seen from the
fact that n = 1 image potential states on Ag(100) and
Ag(111) present the extreme cases of being very close
to the center of the gap and very close to the top of
the gap, respectively. Nevertheless, the lifetimes mea-
sured by Schoenlein et al. apparently differ by less
than a factor of two [18].

The success of lifetime measurements on the bare
surface suggests that lifetimes can be measured in
more complex interfaces built on metal substrates,
potentially involving a wide range of phenomena in
nanometer-scale materials such as quantum confine-
ment, electron tunneling, dielectric screening, local-
ization, and magnetic ordering. Energy, effective mass,
and lifetime measurements on image potential band
structures at interfaces should yield detailed informa-
tion about the potential near the interface, coupling
across the adlayer, and the effective masses of car-
riers. In this paper we will first review the results
of static TPPE spectroscopy at metal-dielectric inter-
faces, then discuss the extension of these techniques
to femtosecond time resolution, present our initial re-
sults of a time-resolved study of image potential elec-
tron tunneling through n-alkane layers on Ag(111),
and finally discuss the need for further experimental
and theoretical work.

2. Two-photon photoemission as a probe of
metal-dielectric interfaces

2.1. High-resolution angle-resolved TPPE
spectroscopy

The initial work in our laboratory on TPPE of elec-
trons at interfaces was undertaken with the idea that
high-repetition rate lasers coupled with time-of-flight,
single electron counting detection would minimize
space charge broadening and give excellent energy
resolution and signal-to-noise ratio. This philosophy
was implemented with a 6 ps sync-pumped, cavity-
dumped dye laser operating at 2 MHz [19,20]. Elec-
trons from the occupied bulk or surface states of a
Ag(111) single crystal are excited by a UV photon to
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an unoccupied image potential or other interface state.
A visible photon then supplies the energy needed to
photoemit the excited electron. The laser is usually
tuned so that the photon energy of the UV (laser sec-
ond harmonic) is just below the work function in order
to be able to investigate states near the vacuum while
keeping one-photon photoemission to an acceptably
low level. The calculated instrumental energy resolu-
tion was 7 meV [20]. Image state features as nar-
row as 25 meV FWHM were measured for monolayer
Xe/Ag(111) [20].

The sample was cooled by means of a liquid helium
cryostat resulting in a minimum sample temperature
of 40-50 K. The UHV chamber background pressure
was ~ 2 x 10712 Torr. Alkane layers were grown by
exposing the cold Ag(111) crystal surface to the va-
por. Layer-by-layer growth is monitored in situ in the
TPPE spectrum [20]. During the growth of a mono-
layer, both the clean surface n = 1 image state peak and
the clean surface state peak gradually disappear, while
a monolayer n = 1 image state peak grows in at a dif-
ferent energy. Further dosing yields bilayer coverage.
Dosing typically results in uneven surface coverage,
with patches of bilayer, monolayer, and bare Ag(111)
coexisting on the surface, each clearly distinguished
in the TPPE spectrum [21]. For n-heptane/Ag(111),
bilayer can be driven off by annealing at 143 K, leav-
ing pure monolayer coverage. Trilayer can be des-
orbed at 135 K, leaving uniform bilayer coverage. All
experiments on n-heptane layers reported below were
conducted after dosing, annealing at the appropriate
temperature, and subsequent cooling to the range 104-
111 K. A similar procedure was followed for n-octane
layers.

A key goal of this work was to obtain information
about the band structure at the interface by measuring
the effective mass of image potential state electrons
for motion parallel to the plane of the interface. The
parallel dispersion is measured by varying the angle
of the sample with respect to the detector using a go-
niometer sector capable of angles between —4° and
20°. The angular acceptance of the detector is +1.5°.
Typical raw data are shown in Fig. 2 and the corre-
sponding dispersion relation is shown in Fig. 3. Ata
given angle, the wave vector along the surface paral-
lel, k|, is determined from the sample angle, 6, and
photoelectron kinetic energy, E, by
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Fig. 2. Spectra of the n = | state of a monolayer of n-octane on
Ag(111) at a series of angles. The peak energy positions are used
to determine the dispersion relation (see text).

monolayer n-octane/Ag(1 11}

m*/me = 1.04

Photoelectron Kinetic Energy (eV)
S
¥

005 0 0.05 0.1 015 02 025
K Parallel ( Inverse Angstroms )

Fig. 3. Reduced dispersion data for a monolayer of n-octane on
Ag(111) and parabolic fit determining the experimental effective
mass ratio, m*/me.

k= v/2mE/R?sin#. (1)

A fit to the dispersion relation, E = Eqo + R*kj/2m*,
determines m*, the effective mass.

2.2. Current understanding of electrons at
metal-dielectric interfaces

Several important results emerged from these ini-
tial TPPE experiments by Harris and coworkers using
picosecond lasers. First, image potential states persist,
modified in energy and effective mass, in the presence
of many physisorbed alkane and rare gas monolayers
[19]. These layers are composed of either electroni-
cally inert atoms with closed shells or sigma-bonded
hydrocarbons with relatively high-lying electronic ex-
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cited states. The potential in the vacuum is still de-
termined by induced polarization forces between the
excess electron and the materials (metal and over-
layer) comprising the surface [22]. However, over-
layers composed of 7r-bonded molecular species, such
as alkenes and benzene, or molecules with attractive
electron affinities in the gas phase, such as CgFi,
destroy the simple image potential Rydberg structure
even for monolayer coverages. These latter effects are
not yet understood.

The alkane and rare gas overlayers have been stud-
ied in some detail in our laboratory in the past few
years {19,20]. In general, thicker layers of alkane
molecules on the surface result in decreased image
potential electron binding energies. This is consistent
with more efficient screening of the metallic image po-
tential by a thicker dielectric layer, and implies that the
electron resides largely outside the layer in the attrac-
tive image-like potential well associated with the di-
electric polarizability of the insulator slab. These data
can be at least qualitatively described by fairly sim-
ple dielectric models. Binding energy data of this type
as a function of layer thickness and layer composi-
tion help determine a model of the potential and hence
the electron wavefunction at the interface. However,
a more revealing test of where the electron probabil-
ity density is concentrated, i.e. near the metal or out
at the dielectric-vacuum interface, would be a lifetime
measurement. TPPE data with femtosecond time res-
olution for a variety of overlayers is needed to resolve
these questions.

Angle-resolved TPPE spectroscopy of metal-alkane
interfaces has shown that image potential electrons
on bilayers and trilayers of n-alkanes become local-
ized (m*/me = c0) with respect to motion parallel to
the surface {21]. However layers of neopentane (2,2-
dimethylpropane, the tetrahedral isomer of pentane)
do not induce a localized state even up to trilayer thick-
nesses. This trend in 2-D localization phenomena is
correlated with excess electron mobilities in the corre-
sponding liquids. Perhaps the most fascinating obser-
vation about the localization result is the fact that the
same physics that determines the mobilities of excess
electrons in thermal equilibrium with a bulk liquid
also determines the spatial extent of excess electrons
in these 2-D systems on the femtosecond time scale.
The scattering phase shifts between low energy elec-
trons and various classes of adlayer molecules differ

significantly and determine whether or not the excess
electron can couple to disorder in the layers. Impor-
tant questions of fundamental physics arise. First, it is
important to determine if localization at the interface
is a dynamic phenomenon in which initially delocal-
ized electrons scatter into the localized state. Second,
the localized state wave function is an admixture of
many kj plane wave states. Since there is evidence
that the decay rate increases with ky [18], perhaps the
localized state will decay faster than the delocalized
state at k)| = 0. Finally, a deeper understanding of the
mechanism of localization may explain why the local-
ized and delocalized states are separated in energy by
<10 meV. Time-resolved measurements should pro-
vide much of the information needed to sort out these
issues.

2.3. Extension to femtosecond time resolution

The new work described in this paper is the ini-
tial result of our efforts to extend the time-resolution
of the previously described TPPE spectrometer to
the femtosecond time scale. A Coherent RegA 9000
Ti:sapphire regenerative amplifier, seeded by a Co-
herent Mira 900 Ti:sapphire oscillator, produces a
200 kHz train of 240 fs pulses (autocorrelation
FWHM) at 800 nm. A Coherent OPA 9400 optical
parametric amplifier uses part of the 800 nm beam to
generate white-light continuum while the frequency-
double remainder is used to parametrically amplify a
portion of the continuum in a 8 barium borate (BBO)
crystal. The positively-chirped pulses from the OPA
are further compressed with SF-10 prisms in a four-
pass configuration to yield 50 nJ pulses with 100 fs
autocorrelation FWHM at 600 nm, as shown in Fig. 4.
The OPA output has been tuned in our laboratory over
the range 470 to 680 nm. Visible pulses are doubled
with ~ 15% conversion efficiency in a 300 um BBO
crystal obtained from Kaifa Technology Inc., Santa
Clara, CA. As shown below, a UV pump/visible
probe TPPE instrument function of 110 to 120 fs is
routinely achieved for UV wavelengths near 300 nm.
No transmissive optics are used in the UV path ex-
cept the collimating lens after the SHG crystal and
the chamber window. The energy resolution for spec-
tra taken with femtosecond pulses is dominated by
the bandwidth of the laser puise, which is 31 meV
at 600 nm; the energy widths of the TPPE peaks
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Fig. 4. Autocorrelation of the 600 nm pulse from the optical
parametric amplifier. The circles are the data and the solid line is
a Gaussian fit. The FWHM is 100 fs.

reported below range from 40 to 60 meV FWHM.

We obtain the time-resolved decay curve for the fea-
ture of interest by plotting the photoelectron counts
per second at a given energy versus time delay be-
tween the UV and visible pulses. Because we use time-
correlated single-electron counting detection, it is con-
venient to collect a full energy distribution curve at
each time delay. In order to average out the effect of
laser power drift, we take several sets of scans and add
them together, running the delay stage both forward
and backward.

We obtain an instrument function for the time-
resolution of our apparatus by taking advantage of
a feature in the bare surface TPPE spectrum that is
due to simultaneous two-photon absorption. The L
gap surface state on Ag(111) lies 50 meV below
the Fermi Level at zone center (see Fig. 1). A peak
due to TPPE from this state is present in the bare
Ag(111) spectrum and is well separated from the
n = 1 image state peak for pump/probe wavelengths
near 300 nm/600 nm. The time dependence of this
peak should serve as a cross-correlation of the UV
pump and visible probe laser pulses at the sample,
including all dispersion introduced by the optics and
the UHV chamber window. The instrument function
obtained in this way is well-fit by a Gaussian, typi-
cally has FWHM of 110 to 120 fs for wavelengths
near 600 nm as shown in Fig. 5, and provides a
determination of ¢=0.

The instrument function thus obtained is convolved
with a kinetic model of the surface or interface elec-
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Fig. 5. The photoelectron energy distribution curve (EDC) for bare
Ag(111) excited with 300 nm and photoemitting with 600 nm as
a function of photoelectron kinetic energy at time zero at a sample
temperature of 106 K. The right peak is due to simultaneous TPPE
from the occupied surface state (refer to Fig. 1). The left peak
is due to electrons which transiently populate the n = 1 image
potential state. The entire EDC was acquired in 20 s. The inset
shows the dynamics of the two signals. The Gaussian FWHM
of the surface state signal is 120 fs and is assumed to be the
instrument function. The rise and decay times for the n = 1 signal
are deconvolved using the Gaussian fit to the instrument function
and the kinetic model represented by Eq. (2) to yield a rise time
k7' =24 fs and a lifetime k; ' =324 10 fs.

tronic state dynamics to fit the data. In order to obtain
good fits to the image potential state dynamics data, it
is necessary to use a model incorporating both a rise
time and a decay time. To date, we have assumed a
single level of interest, initially unpopulated, which is
fed at rate k) and decays at rate k;. The functional
form for the solution to these rate equations is

ky
ky — ky

[exp(—ki (¢ —10)) —exp(—k2(z — 10)) ],
(2)

where ty is unambiguously determined from the dy-
namics of the non-resonant surface state peak.

3. Femtosecond resuits for n-alkanes/Ag(111)

In agreement with Schoenlein et al. [18], we find
that the bare Ag(111) image potential state lifetime
is longer for n = 1 (7gecay = 32 £ 10 fs) than for n =
2 (7Tgecay < 20 fs), though we deconvolve a slightly
longer n = 1 lifetime than they. This indicates that
the lifetimes on Ag(111) are dominated by the posi-






