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Ultrafast relaxation dynamics of electrons at dielectric-metal interfaces reflect the nature of the electronic
interaction with both the substrate and the adsorbed layer. The full understanding of macroscopic electrical
transport properties across an interface requires the knowledge of the energies, spatial extent of the interfacial
electronic states, and the electron scattering length. With the femtosecond two-photon photoemission technique,
it is possible to directly observe the dynamics of interfacial electrons with specific energy and parallel
momentum. Interband and intraband electron relaxation dynamics in excited surface and quantum well states
are determined with momentum and time-resolved two-photon photoemission. The study of charge carrier
scattering at interfaces and in ultrathin films of Xe on Ag(111) provides a wealth of information on the
energy, parallel momentum, and layer thickness dependence of the electron scattering rate. Adsorption of Xe
on metal surfaces modifies the interfacial potential and drastically changes the spatial extent of the interfacial
electronic wavefunction. The spatial extent of the electronic wavefunction in the direction perpendicular to
the interface determines the interband relaxation rate. Oscillation in the interband relaxation time as a function
of layer thickness is attributed to a quantum size effect. The lifetime af thel surface state shows a strong
parallel momentum dependence. This phenomenon is attributed to intraband momentum relaxation. The
thickness dependence of intraband relaxation suggests a change in the scattering potential in the direction
parallel to the interface for a monolayer and bilayer of Xe. The possibility of scattering due to thermal and
structural disorder is discussed.

1. Introduction energy loss, and Auger emission involve the interaction of
Electrons at interfaces provide a unique opportunity to study electro_ns at surfaces. Thes_e techniques, however, lack the time
the importance of reduced dimensionality and electron confine- "€Solution necessary to directly measure electron dynamics
ment on carrier dynamics. Fundamental and technological 8Cr0Ss surfaces and interfaces. R_ecently, the development of
understanding of the transport properties of electrons acrossfémtosecond two-photon photoemission (TPPE) spectroscopy
device junctions requires knowledge of electron scattering, @nd its application to a variety of systems have immensely
relaxation, and recombination processes at surfaces and interincreased our knowledge of surface electron dynamics. Studies
faces. In addition, electron interactions with interfaces govern Of surface state electrons at metalielectric? metat-semicon-
fundamental aspects of surface chemical and electrochemicaductor? and metat-metaf interfaces using TPPE have been
processes. For example, the breaking of chemical bonds at'€viewed. In TPPE spectroscopy, electrons are excited from
surfaces can be induced by electron transfer from the substrate?ccupied states of the substrate by an excitation pulse into
to dissociative states of the surface molecules, which causesunoccupied surface states and photoemitted from these surface
fragmentation and/or desorption of adsorbatEkere are other ~ States by a probe pulse. The photoemission intensity of the
areas of study in which the interaction of charges with metal unoccupied surface state as a function of time delay between
insulator interfaces are important, such as the screening effectdhe pump pulse and the probe pulse directly reveals the electron
of an insulator in ion desorption and the determination of dynamics of the surface state. This technique combined with
electronic structure of metabrganic device junctions. Xe on ~ angle resolution allows the mapping of the band structure of
a metal surface is a model system for the study of the effects Unoccupied energy bands at interfaces and the study of electron
of thin insulating films on a conductor. The attractive electron dynamics as a function of electron parallel momentum. Electrons
affinity of bulk Xe results in quantum well states that confine With non-zero parallel momentum exhibit decay pathways that
electrons to the plane parallel to the interface. Thus the study arise from scattering of the electrons with surface defects and
of Xe quantum well electron dynamics provides a means for pPhonons at the interface. The scattering rate strongly depends
investigating the effect of quantum confinement on electron On the electron velocity or momentum in the surface parallel.
transport in a layer-by-layer fashion. Image state electrons (see section 1.1) can be used as probes
Most of the tools in surface science, such as scanning of the electronic structure and dynamics at surfaces. Image states
tunneling microscopy, scanning force microscopy, electron are extended states or quasi-free electronic states in the plane
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parallel to the surface. These quasi-free electronic states exhibit E

parabolic energy dispersions as a function of the electron Surface
Polarization

k-vector parallel to the surface (see Figure 2). Atkadkane/
Ag(111) interface, image state electrons become spatially local-
ized in the direction parallel to the surfat&eet al® have used
angle-resolved femtosecond TPPE to show that electrons initially
in the extended image states self-trap into a spatially localized
small polaron within a few hundred femtoseconds. The energy
dependence of the self-trapping rate has been modeled with a
theory analogous to electron transfer theory. In addition to the
study of the spatial localization process of electrons at interfaces,
a series of elegant experiments utilizing time-resolved TPPE
have measured hot electron de¢ayexcited quantum well state a)
lifetimes° charge carrier dynamics in semiconductdr&and

coherent oscillation¥? These experimental findings have fur-  Figure 1. (a) An electron near a surface polarizes the material. This
thered our understanding of the importance of substrate andinduced polarization binds the electron by forming a potential well that
adsorbate band structure on electron relaxation processes. consists of the image potential. (b) Solving the analogous 1-D hydrogen

Femtosecond TPPE has been widely utilized in the study of fltom problem gives rise to Rydberg-like or image states that converge
. . oward the vacuum energy levEl,.

hot electron dynamics at metal surfa¢e%.Absorption of
photons at metal surfaces results in a transient nonthermal
distribution of electrons or hot electrons. Ogaetal. have
recently studied hot electron dynamics at the Cu(100), Cu(110),
and Cu(111) surfac€sTheir results on the energy dependence
of the lifetimes deviate from the Fermi liquid theory for free-
electron metals. (Fermi liquid theory has a functional form of
7 O (E — Ef)~2 for the relaxation time whergr is the Fermi
level andE is the energy of the hot electron with respect to the
Fermi level.) Their electronelectron scattering calculations,
assuming a Thomas~ermi screening length, gave lifetimes _that the modification of the bare metal surface states upon adsorption
were a factor of_eshort_er than those measured. These disCrepyt giejectric materials in a layer-by-layer fashion. Electron
ancies were attrlbgted In part to _the d-_band electrons_ at abOlJtdynamics in the direction parallel to the Xe/Ag(111) interface,
2 eV belowEg, which can participate in both scattering and -, yever. requires additional understanding of electron scattering

screening of hot electrons. Similar results were independently i+ qefects and phonons at the interface. Factors that affect
observed by Ca_cet al. on C“_(l‘?o)? In addition, the recent g gjactron scattering rate in the direction parallel to the Xe/
development of interferometric time-resolved two-photon pho- Ag(111) interface are discussed.

toemission by Ogawat al. provides the opportunity to measure
decoherence times that occur in tens of femtosec&h@sher-
ence between the excitation electric field and the optically
induced electron-hole polarization may have considerable effect
in modeling surface state and hot electron lifetimes that are
<100 fs. Coherence effects in the optical excitation of metals
were reviewed recently by Petek and OgdwAs mentioned

by the authors of the review, coherence effects in the optical
excitation of metals in the femtosecond time scale is still a young

field of study with many unsettled questions and a number of e g ;rface interacts with a fictitious image charge located at
controversies. —z. This simple charge configuration satisfies all boundary

Femtosecond laser pulses exhibit bandwidths on the orderconditions for an electric field in the presence of a perfect
of tens of miIIieIectronvoIts, which are sufficient to excite a conductor and provides a unique solution to Poisson’s equa-
coherent superposition of several high quantum number imagetion: a—1/4z Coulomb potential. The Coulomb potential gives
states i = 4). The coherent superposition of these states resultsrise to a series of Rydberg-like bound states that converges
in wavepackets that oscillate between the image potential barriertoward the vacuum energy, as shown in Figure 1b.
and the metal surface barrier."téo et al*® have shown that The surface band structure is represented by a projection of
the electron wavepackets travel more than 200 A away from the three-dimensional band in the direction perpendicular to the
the surface and oscillate back and forth in the well with a period gyrface, which is referred to as the projected bulk band structure
of 800 fs at the Cu(100) surface. The photoemission intensity (PBBS). This description of the surface bands accounts for the
increases as the wavepackets move closer to the surface sincgjectronic properties of different crystallographic faces. In three
the metal substrate provides the necessary momentum for photorgimensions, the crystal band structure is characterized by the
absorption. band index number and the three-dimensidnaéctor. In two

The primary focus of the present work consists of the study dimensions, however, the surface band is characterized by the
of the electron relaxation processes at metal surfaces in thewave vector parallel to the surfakg For ordered surfacek;
presence of thin layers of insulating or wide energy gap is a good quantum number and is conserved in the photoemis-
materials. Using femtosecond TPPE, the lifetimes of image sion process. The PBBS for thegap of Ag(11132 is shown
states and Xe conduction band quantum well (QW) states atin Figure 2. Projecting the three-dimensional Brillouin zone
the Xe/Ag(111) interface were measufédt will be shown yields the surface Brillouin zone (SBZ). The zone center of the

below that the perpendicular spatial extent of the electronic
wavefunction at the interface mainly determines the interband
relaxation rate of electrons, that is, relaxation from the interfacial
states to the metal bulk bands. Factors that influence the spatial
extent of the interfacial electronic states include the nature of
the interfacial potential barrier and the electronic properties of
the two materials comprising the interface. The ability to grow
thin insulating films on metals allows us to determine the change
in the electronic properties at the metdielectric interface and

1.1. Surface Band Structure.The termination of a crystal
results in states that are localized at the surface. Historical
background and basic surface state theories have been exten-
sively covered in a text by Davison and Sieka.'® Image states
are a class of surface states that arise from the abrupt change in
polarizability at an interface. An electron near the surface
induces an image potential by polarizing the substrate (Figure
1a). This elementary electrostatic problem can be solved by the
method of image$’ in which the electron at a distanzdérom
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The image states are represented as plane waves that propagate
between the reflecting barriers at the metal crystal band gap
and the image potential in the vacuum. Bound states occur when
the total accumulation of phase ¢ + ¢, = 2nz, where ¢
andgy, are the phase shifts accumulated at the crystal and image
potential barrier, respectively. In the WKB approximation, the
energy dependence of the phase at the image potential barrier
is given by¢u(E) = (2ZW —2E — 1)z, whereE is the energy
measured from the vacuum level add= 1/, for a conductor.
For energy levels near the tail of the image potential or near
the vacuum levelg, increases with energy rapidly, yielding a
Rydberg-like series. For image states that appear in a band gap
of a metal which is s-p inverted,e. the conduction band is
slike while the valence band ig-like, the phaseg¢. is
: S S approximatelyr when the energy level is close to the conduction
06 04 02 T ] 02 04 06 band and O when it is near the valence band. The MRT
kj (A7) formalism is a way to solve the matching conditions between
. . the substrate wavefunction and the solution in the Coulomb
e e e o e S oni” potenti n the vaciu. The matching conditons wil dterine
VB denote the conduction band and valence band, respectively. Thethe maximum of the wavefunction in the image potential. When
shaded areas represent possiblates that arise from projecting the ¢ is equal tar, the maximum of the wavefunction is closer to
3-dimensional band structure into two dimensidasis the Fermi level the surface and resides in the steep part of the Coulomb potential
andE,c represents the vacuum level. The boundary conditions at the well. Thus, the image electron will be more bound. For the (111)
_surface allow the surface state (SS) andrtke 1 image state to reside crystallographic face of noble metals, the vacuum level resides
in the L-gap. in the conduction band. Since image states converge toward
. _—— the vacuum level, the phase accumulated at the metal substrate
SBZ s labeled as the symmetry poifit Since the boundary . for the image states will bg. ~ 7, resulting in image states
conditions of surface states are different from the bulk electronic that are more bound for the (111) crystallographic face of noble
states, surface states may reside in the band gap of a materialmetals as shown for the caserof= 1 for silver in Figure 3.
In Figure 2 the surface state (_SS) and the 1 image states 1o cr’ystal phase shift ab. = 0.97 and ¢ = 0.57 were
are shown. Both states reside in the gap and disperse from thecalculated for Ag(111) and Ag(100), respectively, by represent-

T point into the bulk electronic states. The wavefunction that ing the band structure of silver with the two-band nearly free-
describes these surface states are factored into two COMponentsy s tron model

namely the perpendicular and the parallel compongnthie 1.3. Two Band Nearly Free Electron Model.The two-band

parallel part of the wavefunction is a free-electron-like plane nearly free-electron (NFE) model effectively factors in the

Or.l:?’lOCh. wzvg”?mce In th§ pallrallel dlrcfacrt]lon the Fer'o.d'c'ty IS essential physics that determines the electron wavefunction
still retained. The perpendicular part of the wavefunction is an overlap with the bulk. In the 1-D two-band NFE model, the

e]\(/ar?escent \_N?v_tle_hdec?]ymg bo_th n the v?cuu_m and n the bulkcrystal potential of the ion core is expanded in a Fourier series
of the material. The characteristic wavefunction maximum at ig multiples of the reciprocal lattice vector by the following:

the surface renders surface electrons sensitive to changes in th
electronic properties at the surface upon adsorption of thin films. V(@) = ZV imgz (1)

1.2. Multiple Reflection Theory (MRT). The hydrogenic 2 mg
model is the simplest model for image states. Its solution is
obtained by solving Scfidinger’s equation for an analogous \vhereg is the amplitude of the reciprocal lattice vector. The
one-dimensional hydrogen atom with the wavefunction vanish- = 0 term represen’[s the energy at zone center of the valence
ing at the surface. Because this model assumes that the eleCtrOBand and is Convenienﬂy set to 0. For Crysta|3 with inversion
is bound by an infinite potential at the surface, the hydrogenic symmetry Vg is equal toV_g. Keeping only the first two terms,
model is not sensitive to crystallographic face. For more realistic the electron energiei with respect to the zero energy (taken
metal surfaces the overlap of the image state wavefunction into be the valence band energy at zone center) for the two-band

the substrate is important in determining the binding energies NFE model are given by solving the secular equation
and lifetimes. Since image state electrons interact with the many-

Energy (eV)

body system of the substrate, which perturbs their motion, image (H/2n) Kk—E V,
state electrons are quasiparticles with “effective” or “renormal- 5 ) =0 (2)
ized” masses that are different from that of a bare electron. An Vq (r72m*)(k—g)" — E

elegant description of the effect of the metal surface projected ) . ) .

band structure on image state effective mass has been detailedhere Vg is the gap half-width andn* is the effective mass

in an account by Gieseet al2! Image state binding energies, along the _surface normal._ Within the gap, the solutions
lifetimes, and effective masses have been determined by bothcorresponding to reak require the wave vectok to be a
inverse photoemission and TPPE. Many of the values for complex quantity with the real and imaginary parts equa to
transition metals have been tabulated in the review of Fauster@ndq, respectively. The imaginary pagtcauses the wave to
and SteinmanA.It was shown that the (111) crystallographic decay exponentially into the metal. Assuming the Bloch form
face of noble metals exhibit higher binding energies for image ©f the electronic wavefunctiof?,the wavefunction perpendicular
state electrons than the (100) face. to the surface in the crystal is given by

The multiple reflection theory (MR?§ or phase-shift analysis W
does take into account the effect of the substrate band structure. Y. = € cospz+ J) 3
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Figure 4. Potential used in calculating the quantum well states shown
here is for three layers of Xe. The potential in the metak(0) is
given by the two-band NFE model. The potential in the layer is set to
the Xe conduction band minimum or the affinity level\d¢ = —0.55

eV. The potential in the vacuum is the continuum electrostatics solution
for the electron outside a dielectric layer on a metal substrate, as given
by eq 6. A constant cutoff of length is set near the surface of the

-3 dielectric to avoid a singularity. The thickness of the layer is denoted
by d.
-4 .
= V5] ‘ ‘ ‘ ' Coulomb potential equal to the first form of eq 6. Reducing
.40 -30 20 -10 0O 10 20 30 40 the number of layers introduces additional terms that result from

Z(A) the proximity of the electron with the metal. The additional terms
] are represented as an infinite series. Inside the overlayer, the
Figure 3. Band gap ak; = 0 for (a) Ag(100) and (b) Ag(111). The  hotential experienced by an electron is mainly attributed to the
n = 1image state wavefunction at the Ag(111) surfacedazs 0.97, band structure of the overlayer. The potential inside the overlayer

which results in the maximum of the image state electronic wavefunc- . . I,
tion being closer to the metal and closer to the steep part of the imageOf X€ is taken as the Xe conduction band minimum of 0.55 eV

potential as compared to electronic wavefunction of Ag(100) wigh  below the vacuum energy levét? The net effect of the Xe

~ 0.57. The calculatech = 1 state binding energies for Ag(111) and crystal potential on the motion of the electron is represented
Ag(100) are—0.76 and—0.54 eV, respectively. The image potential by the Xe conduction band effective massnof = 0.57m..20
close to the surfacez 0) is set to a constant to avoid a singularity.  The potential in the presence of Xe overlayers, as shown in

CB and VB are the conduction and valence bands, respectiéely. g, re 4 is separated into two parts, namely inside and outside
andE,,c are the Fermi level and vacuum level. The calculated electron

densities in the metal are 0.54 and 0.10 for the Ag(111) and Ag(100) (€ Xe slab, as follows:

surfaces, respectively.
Va@=V, 0<z<d (5)
This solution for the crystal substrate corresponds to an
evanescent wave decaying into the metal substrate in the metal B (1-pY¢= ()"
band gap. Matching the boundary conditions of an incident plane Voulzd) = + )
wave with energyE to eq 3 results inp., as given by the 4z—d 46 M&z—d+nd
following equation: d+b<z(6)

{p q) wherez is the distance from the metalp = —0.55 eV is the
¢, = 2 arctaf— tanfpz+ 6] — - (4) electron affinity of Xe,d is the layer thicknessj is a cutoff
K K parameter to avoid a singularity at the dielectric/vacuum
interface,e is the dielectric constant of the Xe material, ghd

1.4. Dielectric Effects at Xe/Metal InterfacesOutside the ~ — (€ ~ 1)/(¢ +1). The summation in eq 6 is the infinite series
metal, the simple Coulomb potential of an excess electron at athat describes the electrostatic potential experienced by the
metal surface can be altered significantly by adsorption of €l€ctron outside the dielectric layer.
materials that change the dielectric susceptibility of the interface. . . .
The potential near the surface of metals in the presence of)z('eil\eitlrff)'ﬁr\]/t\g’:}/:ggnc“on and Electron Dynamics at the
adsorbed dielectric materials, such as He, Ne, apdilrs, 9
was first modeled by Coté by using the dielectric continuum Thin overlayers of Xe on metals serve as model systems for
approximation. The dielectric continuum approximation treats understanding the electronic structure of both metal/insulator
the overlayer as a dielectric continuum in which the electronic and metal/semiconductor interfaces due to the large band gap
structure of the individual atoms or molecules are ignored. The (on the order of 10 e\f} and high excess electron mobility (on
potential felt by an electron depends on the location of the the order of 18 cn?/V-s¥® of the Xe crystal. The attractive
electron, namely inside or outside the dielectric overlayer near electron affinity or conduction band minimum ¥§ = —0.55
the overlayer/vacuum interface. In the limit of an infinite meV of Xe allows electrons to reside in the Xe overlayer, which
overlayer thickness, an electron in the vacuum outside the layerresults in Xe conduction band QW states. In order to fully
will only polarize the dielectric material, which gives rise to a account for the binding energies and the lifetimes of image and

wherex is the wave vector of the plane wave.
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QW states at the Xe/Ag(111) interface, the band structure of
both the metal substrate and the Xe overlayer must be taken
into account. Since Xe physisorbs onto metal surfaces, the band
structure of the substrate can be assumed to be relatively
unperturbed by the adsorption of Xe. The Ag(111) substrate
was treated as a two-band NFE, while the potential outside the
metal substrate was treated as a dielectric continuum, as
discussed in section 1.4. Other QW systems such as QW states
of a metal layer on a metal substrate have been modeled as a
two-band NFE overlayer on a two-band NFE substrate with an
image potential in the vacuu28

2.1. Spatial Extent of Image and QW States at the Xe/
Ag(111) Interface. By treating the metal with the two-band
NFE model, the layer as a flat Xe conduction band minimum
with m* = 0.57m,, and outside the layer as a modified image
potential, the binding energies and the electron dynamics for
states residing at the Xe/Ag(111) interface were successfully
modeled for up to nine layers of Xe[10,20]. As mentioned in
section 1.3, the solution for the metal substrate corresponds to
an evanescent wave decaying into the metal substrate. The slope
and value of eq 3 are propagated numerically using a fourth- 0
and fifth-order RungeKutta integrator with adaptive step sizes Kip» Al
through the fI_at overlayer potential and out into the_vacuu_m. Figure 5. ThelL-gap PBBS of Ag(111) upon adsorption of a monolayer
The trial solutions are evaluated for a range of energies to find of Xe. The workfunction decreases to 4.06 eV and movesitkel
solutions for which the wavefunction vanishes at about 120 A state further into the band gap. The left and the right side of the PBBS
outside the layer. To include the penetration of the image and are used to illustrate the pumping and the probing process, respectively.
QW state wavefunctions in the metal substrate is important in The pump pulsefum) excites a distribution ok; states. Intraband
determining the blndlng energies and is the basis for modeling relaxation processes occur after electron excitation IntO the |r_nage states,
the lifetimes of these stat@%:32 as shown by the curveq solid and dashed arrows |r_nthe1 image

. . band. Interband relaxation can occur at every point imtkel band,

2.2. Electron Dynamics at the Xe/Ag(111) Interfacelt is as shown by the downward solid-line arrows. Photoemission with the
reasonable to assume that the primary decay pathwak fer probe pulse #ybd at various sample angle®)(from the electron
0 electrons at the Xe/Ag(111) interface is via electron-hole pair detector axis allows the mapping of the image state band and provides
excitation in the substrate. Under this assumption, the lifetimes the opportunity to study electron momentum relaxatiomndk; are
scale with the overlap of the wavefunction with the metal the total wave vector and parallel wave vector of the photoemitted
substraté? This is an interband relaxation process in which ©lectron. respectively.
electrons in the image state band decay into the bulk states of

the metal. The overlap of the wavefunctiBris determined by Ag(lOO)Zn = 1 state. Using parameters from Echenique and
integrating the normalized interface state wavefunctinjn Pendry:? the electron densities in the metal for Ag(111) _and
the metal substrate, Ag(100) are calculated to be 0.54 and 0.10, respectively.

Lifetimes for then = 1 and 2 image states have been measured
for the Ag(111) and Ag(100) surfaces by Schoenletral3®
Lifetimes ofn = 1 and 2 were determined to &0 fs for the
Ag(111) surface. The Ag(100) = 1 and 2 lifetimes, however,
were determined to be 25 10 and 180+ 20 fs, respectively.

It is important to note that intrinsic surface states and the location
of the valence band with respect to the Fermi level play
width of the bulk state with the same enerGy(E) by setting significant roles in determining image state lifetimes. For Ag-

T = PI',(E). The line widthT is related to the lifetime by I't (111), the presence of the surface state introduces an extra decay
= 660 meVfs. The QW and image state lifetimes can be channel for the image state electrons. The surface state has a

reproduced by theoretical calculations of the lifetimes based on Significant contribution to then = 1 image state lifetime, as
independent photoemission valuesIgfE) = 0.13€ — Eg).3 shown by Chulkowet al26 The extension of the Ag(111) band

0.4

0.2 0.2 0.4

P= [ wwd @)
where the limit of integration is from the bulk of the metal at

z = —oo to the surface of the metal at= 0. The lifetime
broadeningl” of the interfacial state can be related to the line

The experimental results for the= 1, 2, and 3 states for one
to six layers of Xe on Ag(111) have been successfully modeled
using this approach of wavefunction penetration in the niétal.
Wolf et al3* have applied this method to account for the
lifetimes ofn = 1 and 2 for a monolayer of Xe on Cu(111).

gap below the Fermi level, however, offsets the effect of the
surface state by reducing the available phase space for electron
decay.

The second factor that affects the wavefunction penetration
is the adsorption of dielectric materials onto the metal surface.

There are two important factors that affect the wavefunction The addition of layers will either push the electronic wave-
penetration in the metal and therefore affect the interfacial state function further away from the metal substrate or increase the
lifetime. The first factor corresponds to the relative position of width in which the electronic wavefunction can spread in the
the interfacial state with respect to the metal band structure. overlayer. The latter process occurs for electronic states that
The penetration increases as the energy approaches the baniside in the overlayer. Both effects increase the interfacial state

edges and decreases as the energy is moved closer to the middéetime.

of the gap. This is demonstrated by the wavefunction calcula-
tions for Ag(111) and Ag(100) in Figure 3, which shows a
significant decrease of the electron density in the metal for the

While the wavefunction penetration successfully accounts for
interband relaxation, an additional model is required to account
for the strong parallel momentum dependence of the lifetime.
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An electron in a particulak; state can undergo intraband
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surface andky is the energy of the state lat= 0. The effective

relaxation to a lower momentum state. Mechanisms such asmass of the photoemitting state is readily determined by fitting

electron-electron, electrortdefect, or electrorphonon scat-

tering can contribute to the momentum relaxation rate (Figure
5). The study of dynamics as a function of parallel momentum
allows us to explore the importance of reduced dimensionality,

a parabolic energy dispersion with the measuikl). The
effective mass is dependent on the coupling of the electron with
the material at the interface. For example, the effective mass
for the clean surface Ag(11h)= 1 image state is about Irg

quantum confinement, and surface defects on the transportas determined by TPPE:38After dosing four layers of Xe, the

properties of carriers at interfaces.

3. Experimental Section

effective mass of the = 1 state decreases to th§ which is
closer to the bulk Xe value of 0.8%.2° This indicates that the
state does have considerable overlap with the Xe layer. Initial

The dynamics results presented in this account were acquirecdEXcitation by & pump pulse creates a distribution of electrons

by using an optical parametric amplifier (OPA) that was pumped
by a 800 nm Ti:sapphire regenerative amplifier seeded by a
Ti:sapphire oscillator. The OPA uses part of the 800 nm beam
to generate white light continuum and 400 nm second harmonic.
Parametric amplification of part of the white light gives
wavelengths tunable from 500 to 730 nm with autocorrelation
of about 100 fs after dispersion compensafibit.is advanta-

geous to use two color TPPE to distinguish between the pumping
and the probing process and to reduce background signal.

Frequency doubling of visible light is especially suited for
exciting electrons from the bulk occupied and surface-induced

over a range ok states (Figure 5). Electrons in higHgrstates
can undergo both interband relaxation to the metal and intraband
relaxation to lowek; states. The detector has a collection angle
of +£1.5°. For electron kinetic energy of 2 eV, thgresolution
is Ak &~ 0.04 A1, The highesk; state that can be populated
with a 305 nm pump and 610 nm probekjs~ 0.4 A1 for the
n = 1 state. The energy af = 1 at thisk; value is close to the
vacuum energy.

3.2. Physisorption of Xe on Ag(111)The process of growing
Xe on Ag(111) requires the use of high-purity gas and a
ultrahigh vacuum (UHV) chamber to minimize contamination

occupied states into image states residing at noble metal surface8f the layer. The sample was cooled by a liquid helium cryostat

with work function on the order of 5 eV. The residual

to temperatures as low as 45 K. The UHV chamber background

fundamental is used as the probe pulse. The instrument functionPressure was less than<.101° Torr. Layers can be grown by

was determined by fitting the dynamics of the occupied surface
state at thel' point of the Ag(111) PBBS (Figure 2) to a
Gaussian function. Assuming that dephasing of the photon-
induced electronic polarization is short compared to the pulse
width, a cross correlation of the UWisible photons can be
derived from this state since excitation from this state is a
coherent two-photon absorption through a virtual intermediate
state. With the direct determination tf(time delay at which
the UV and the visible pulses are directly overlapped) and the
Gaussian instrument function, it is possible to fit the measured
kinetic traces to a convolution of the Gaussian instrument
function with exponential decay functions to determine lifetimes
that are considerably shorterr80 fs) than the instrument
function. The instrument function for 305 nm pump and 610
nm probe is on the order of 100 fs.

3.1. Momentum Relaxation and Effective Mass Measure-
ments. In order to obtain a well-ordered and clean sample, the
Ag(111) surface was sputtered withAat 500 K and annealed
at 725 K. The order and cleanliness were monitored by low-
energy electron diffraction (LEED), Auger electron spectros-

back-filling the chamber with Xe gas at pressures and sample
temperatures specified by the phase diagram of Xe on Ag211).
At a Xe pressure of about 2 107 Torr and at temperatures
between 82 and 68 K, a monolayer of Xe formed, while at
temperatures between 67 and 66 K, a bilayer formed. Xenon
layers were grown by metered dosing of the cooled sample at
70 K for a monolayer and at 45 K for multilayer. After two
layers, the Xe coverage is not uniform and peaks corresponding
to more than one coverage are visible in a given spectrum, as
shown in Figure 6. Whether the layer is grown by metered
dosing by time (nonequilibrium conditions) or by back-filling
(equilibrium conditions), Xe forms an incommensurate hex-
agonal layer on the Ag(111) surface, as determined by Xe/Ag-
(111) X-ray structure result$.

The adsorption of Xe changes the workfunctidnat the
metal surface. The workfunction shitk® was accurately
determined by analyzing the convergence of the image state
series to the vacuum level using the quantum defect formula of
Ep, = —0.85/( + a)2, wheren is the quantum number aradis
the quantum defect parameter. The binding energies of the image

copy, and TPPE spectroscopy. For a well-ordered surface, thestates with respect to the vacuum level can be determined by

momentum component parallel to the surface is conserved
during the photoemission process. The parallel dispe (k-

solving the quantum defect parameteifor the image state
series. We observed most of the workfunction change in our

of an energy band is determined by detecting electrons at variousT PPE spectra for the first layen(® = —0.50 eV) with a small
sample angles with respect to the electron energy analyzershift for the second layerA® = —0.04 eV) and no experi-

(Figure 5). The momentum vectkrof the electron is given by

v 2mEyin

k= sin 3"

(8)
where@ is the angle of the surface normal with respect to the
detectorm is the free electron mass, aig, is the measured
kinetic energy of the electron. The dispersion relation in the
effective mass approximation is given by

th‘ I2

Ek) = 5+ Eo (©)

wherem* is the effective mass of the electron parallel to the

mentally discernible shift for the third layer. The work function
shift was also confirmed by fitting threshold ultraviolet photo-
emission data to a Fowler plét.

4. Results and Theory for Interband Relaxation

The TPPE spectra of Xe/Ag(111) at various thicknesses of
Xe are presented in Figure 6. Binding energies as a function of
Xe coverage are plotted in Figure 7. Adsorption of a monolayer
of Xe decreases the work function of Ag(111), which lowers
then = 1 state to about 0.5 eV below the Ag(111) conduction
band minimum and places time= 1 state further into the Ag-
(111) band gap (Figure 8). The adsorption of a monolayer of
Xe changes the binding energy mf= 1 from —0.77 to—0.68
eV. As shown in Figure 8 = 1 is still 0.18 eV below the Xe
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5 n=0

Coverage in Monolayers

4 Ag(111) Xe/Ag(111 /
QOO

s M MW

Figure 8. The adsorption of a monolayer of Xe decreases the work
function of Ag(111) from 4.56 to 4.06 eV. This places the- 1 state
2 about 0.5 eV below the Ag(111) conduction band minimum; meanwhile,
its energy is about 0.18 eV below the Xe conduction minimum. The
n=¢ x15 n-‘f@ E 2Ciimage states, however, are energetically above the Xe conduction
and.

-0.9 -0.5 0
Binding Energy, eV

Figure 6. Static two-photon photoemission spectra of Xe/Ag(111) at
a series of coverages+{P atomic layers, approximately). After two
layers, the coverage is nonuniform, and peaks corresponding to more
than one coverage are visible in a given spectrum. The dark line through
the peaks indicates which peak is assigned to the coverage (in
monolayers) indicated at the left of the figure. A nonlinear background
was subtracted from the spectra in order to enhance the clarity of the
features. This figure is reproduced with permission from ref 20, Figure
1. Copyright 1996 AIP.

Probability Density

Binding Energy, eV

os L. L 0 0 10 20 30 40

0O 1 2 3 4 5 6 7 8 9

Xe thickness, layers Distance, A

. . . - . Figure 9. Resulting probability densities for the dielectric continuum
Figure 7. Comparison between experimental binding energies for the ,odel for then = 1 (solid lines) anch = 2 (dashed lines) states for

n=1,2, 3 states as a function of layer thickness (symbols) and the o four, six, and eight layers of Xe on Ag(111). The bulk dielectric
prediction of the quantum well model by using the potential shown in  -gnstant o = 3.0 and electron affinity o¥/o = —0.55 eV were used.

Figure 4. This figure is taken from ref 20, Figure 9. Copyright 1996  Thjs figure illustrates the tendency of the= 1 state to have significant

AIP. wavefunction density at the dielectric/vacuum interface rather than in

) the dielectric slab. Meanwhile, ttre= 2 state looks like a hydrogenic
conduction band edge. The= 2 and 3 states, however, are n = 2 image state at lower coverages but tends to move inside the

energetically above the Xe conduction band minimum. The layer and have a node near the dielectric/vacuum interface, which is
experimental results reveal that the binding energy ofrntke indicative of a quantum well state of the Xe conduction band, for thicker
1 state decreases by 16% over the range of one to nine |ayeréayers. This figure is reproduced from ref 20, Figure 10. Copyright
of Xe. The calculation of the@ = 1 wavefunction for a range 1996 AIP.

of Xe coverage shown in Figure 9 illustrates that the= 1 substrate by the Xe potential. This affects tive 1 image state
electronic wavefunction is pushed further from the metal lifetimes since the wavefunction overlap with the metal substrate
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=3 slightly perturbed from those of the clean surface because of

400 the small spatial overlap of the layer potential with the
300 e hydrogenic (zero-order) wavefunction. When the layer is thick
200 ’ enough for significant overlap with the zero-order hydrogenic

wavefunction whered ~ [Z[] the image state moves into the
layer and the energy is brought down by the attractive Xe layer
potential. Sincen = 3 has@~ 29 A, its binding energy is
significantly brought down in the range of seven to nine layers.
It is also interesting to note that the = 2 lifetime has a
minimum at four layers of Xe. Since thre= 2 wavefunction

can move into the Xe layer at four layers, this allows the
wavefunction to be closer to the metal and to increase its overlap
with the metal substrate. This higher wavefunction penetration
in the metal substrate reduces the lifetime of the 2 image

Lifetime, fs
N W M
o O O
o O O

800
600
400

200 o state, and we see a dip in its lifetime at four monolayers of Xe
0 2 4 6 8 10 (Figure 10). After the dip in the lifetime of the= 2 state, the
Number of Layers lifetime starts to increase again. The increase inrihe 2

lifetime at higher coverage indicates the spreading ofrtke

Figure 10. Lifetimes of then =1, 2, and 3 states for one to six layers 2 wavefunction in the Xe overlayer

of Xe extracted from the time-resolved data (filled circles). Lifetime

predictions taken from the 1-D model (open circles) are in qualitative

agreement with the oscillations in lifetime apparent in the data. The 5. Intraband Relaxation

experimental error bars are calculated for a 95% confidence limit. The o

solid and dotted lines are only a guide to the eyes for experimental  1he lifetime of then = 1 state shows a strong parallel

and calculated lifetimes, respectively. This figure is reproduced from momentum dependence (Figure 11). The penetration of the

ref 10, Figure 2b. Copyright 1997 APS. electronic wavefunction discussed in section 2.2 does not explain
the strong parallel momentum dependence of the image state

decreases as the electron density is further away from the metal€lectron lifetime. For the PBBS of Ag(111), as shown in Figure
In contrast, then= 2 and 3 state binding energies monotonically 2, the wavefunction overlap of = 1 with the metal substrate
increase, as expected for the formation of the Xe conduction Will increase as a function dfj since the state disperses toward
band QW. The important difference between the= 1 state the conduction band. The change of the wavefunction penetra-
andn = 2 and 3 states is that= 1 is energetically within the  tion for image states off the zone center can only account for a
Xe band gap, while tha = 2 and 3 states are degenerate with faster decay of a few percent for the smigllvalues in this

the Xe conduction band. Calculations show thatrire 2 and ~ study. The inability of the wavefunction overlap in the metal

3 states evolve into the Xe conduction QW states by moving to account for the pronounced parallel momentum dependence
into the Xe layer. Calculated wavefunctions foe= 2 are also of the interfacial state lifetime necessitates the consideration of

shown in Figure 9. intraband relaxation process. The dynamics of electrons with
The clean Ag(111) = 1 image state lifetime was determined Nnon-zero parallel momentum are affected by imperfections at
to be 30+ 6 fs at 50 K. The lifetime was longer than the value the interface. Either thermal or structural disorder at the surface
measured by Schoenlegt al3® who determined the lifetime ~ Will cause a decrease in the electron mean free path (MFP) in
to be <20 fs at room temperature. Upon adsorption of a the direction parallel to the surface. The experiments that
monolayer of Xe, the lifetime oh = 1 increases to 240 fs  Measure both momentum relaxation and intraband relaxation
(Figure 10). Overlapping features for multilayer and low signal Of interfacial electrons allow us to explore the effect of reduced
level at high Xe coverage limited the time-resolved TPPE dimensionality and quantum confinement on carrier transport
spectra to one to six layers of Xe. The best fit to the data requiresProperties.
a short exponential rise, which we assume to be attributég to Intraband relaxation can be caused by electralectron,
relaxation to lowek; states within the image state band (Figure electron-phonon, and electrerdefect scattering. The scattering
5). A portion of the rise time, however, may be due to the of electrons with acoustic phonons and impurities are often
coherence dephasidg3* Then = 1 lifetime increases mono-  termed as quasi-elastic scattering since the energy change after
tonically with each additional layer of Xe. This results from collision is on the order of a few millielectronvolts. Thus, the
the decrease in wavefunction overlap with the metal substratemain result of quasi-elastic scattering is momentum relaxétion.
since then = 1 wavefunction is pushed toward the vacuum, as Scattering of electrons will cause an increase in photoemission
shown in Figure 9. line widths. Line widths as a function d{; of the Cu(111)
The lifetime of then = 2 and 3 states exhibits lifetime  occupied surface state were measured by Kevan and co-
oscillations as a function of layer thickness, which is caused workers?3 They found a broadening of the photoemission line
by the quantum size effect (Figure 10). An understanding of width as a function ok, which they attributed to a non-lifetime
these oscillations can be gained by considering the perpendiculaeffect, an electron-impurity elastic scattering process. Since both
expectation value for the hydrogenic image states. In the lifetime effect and weakenell; conservation can cause line
hydrogenic model, the expectation valuezdbr the wavefunc- width broadening, line width measurements alone may not give
tion in the image potential is given y= 6a,n?, whereay is reliable information on population decay. Time-resolved TPPE,
the Bohr radius. The expectation valuezdbr n = 2 is about however, gives us a direct measure of the electron population
12.7 A. By looking at the wavefunction of the= 2 state in as a function of time. The strong parallel dependence of the
Figure 9, the crossover of the= 2 image state to a QW state image state lifetime is attributed to momentum relaxation.
appears at a Xe layer thickness of four layers. Four layers of Possible momentum relaxation processes are discussed below.
Xe correspond to a thickness of about 14 A. This result can be  5.1. Momentum-Resolved LifetimesThe lifetime of then
interpreted as follows. For the monolayer, the states are only = 1 state for a monolayer and bilayer of Xe was measured at
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[ a) TABLE 1: Rise and Decay Times ofn = 1
T S 000 A monolayem = 1 bilayern =1
o 0:05 Al ki (A9 rise (fs) decay (fs) rise (fs) decay (fs)
L i-1
g o8 v 0.09 A" 0.00 60 211 86 557
3 o 0.18A 0.05 54 186 70 440
s 0.09 47 156 58 352
% 0.18 37 117 42 254
o
b TABLE 2: n =1 Line Widths
[
£ monolayem = 1 bilayern=1
§ k(A  Tr(mev) Ti(meV) Tr(meV) Ty(meV)
0.00 3.13 0.00 1.18 0.00
0.05 3.55 0.42 1.50 0.32
. . . A 0.09 4.23 1.10 1.88 0.70
-500 0 500 1000 1500 0.18 5.59 2.46 2.60 1.42
Time Delay, fs
3 =
b) i
Tr > 0.00 A 2.5 O Monolayer 5
0 0.05A™ O Bilayer
2 08f v 0.09 A" 2t
3 >
3 21.51
5 06l E
k3] —
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N
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Figure 11. Momentum-resolved femtosecond TPPE dynamics traces
for then = 1 state for (a) a monolayer and (b) a bilayer. In both cases,
the lifetime decreases by about a factor of 2 in going fiqnF O to

Figure 12. Line width T'; as a function ok; of then = 1 state for a
monolayer and bilayer of Xe. The plot has a linkadependence. The

k, = 0.18 AL Symbols denote the data points, and the solid lines monolayer slope is steeper than the bilayer, which shows that_ electrons
through the data points are fits to determine the lifetimes. The fits are are scattered more effectively for the monolayer Xe/Ag(111) interface
convolutions of the Gaussian instrument function with exponential than for the bilayer.

decay and rise functions.
y intraband contribution to the lifetime, we converted lifetimes

various sample angles to study electron momentum relaxationto line widths. The relaxation rate or scattering rate of a state is
as a function of layer thickness. Traces of the lifetimes at proportional to the line width. The total lifetime is related to

different k; states are shown in Figure 11. For both the the line width broadening due to the interband and intraband
monolayer and bilayer, the lifetime decreases monotonically as re|axation processes by

the electron parallel momentum increases. The lifetime of the

monolayem = 1 decreases from 21t 10 to 117+ 5 fs fork;

= 0 andk, = 0.18 A1, respectively. For the bilayer, the=

1 state lifetime decreases from 55750 to 254+ 20 fs for

states withk; = 0 andlk; = 0.18 A1, respectively. In both cases, wherer is the total lifetime or decay timd;; is the line width

the lifetime decreases by about a factor of 2 in going figrs due to interband relaxatiod;; is the line width contribution

0 tok; = 0.18 A~L. The rise time for the monolayer= 1 state from intraband relaxation, anby is the total line widthI'; is

decreases from 60 to 37 fs for states wifl= 0 andk; = 0.18 calculated as follows. Assuming; is independent of parallel

AL respectively. For the bilayer, the rise time decreases from momentum,I'y is equal tol'r at k; = 0. Using eq 10} is

86 to 42 fs. The decrease in the rise time is consistent with a calculated by subtracting, from I't for all angles. These values

process that feeds population from higlkgstates into lower are shown in Table &7 as a function ok; is plotted in Figure

k, states. It was mentioned previously that the energy of the 12.

pump pulse at 305 nm will populate a distributionkpfstates 5.2. Electron Scattering Processeg&cheniqueet al3 have

of n=1 all the way to the vacuum energy level, approximately discussed the possibility of electrerlectron interactions, which

ki = 0.4 AL The electron dynamics results far= 1 as a cause momentum relaxation of image state electrons. Image state

function of parallel momentum are tabulated in Table 1. electrons can interact with the high density of electrons in the
The decay pathways for states with finite parallel momentum metal substrate. This interaction is a Coulomb interaction, which

can mainly be separated into two parts as follows. One can gives rise to an Auger process and a line width contribution

assume that the total lifetime depends on the interband relaxationthat is proportional td? The line width of then = 1 state,

and the intraband relaxation process. To separate out thehowever, linearly depends dq instead ofk*, as shown in

w =g+ I =TIy (10)
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TABLE 3: n =1 MFP for Monolayer and Bilayer of Xe for higherk; states for both the monolayer and bilayer are shown
ki (A9 monolayeri(A) bilayer 2(A) in Table 3.
0.09 630 1050 i
018 570 1040 6. Closing Remarks

Momentum-resolved femtosecond TPPE provides a unique

Figure 12. For a monolayer and bilayer of Xe, the adlayer will opportunity to study the effects of quantum confinement and
weaken the effect of electrerelectron interaction between reduced dimensionality on interfacial electron dynamics. The

image state electrons and the bulk electron density and weakerlifetime oscillation ofn = 2 and 3 fork; = 0 electrons were
the effect of thek# dependence of the line width. attributed to a quantum size effect that governs the interband

Momentum relaxation via electrerphonon scattering can ~ félaxation process. From the measured momentum-resolved

also occur in the subpicosecond time scale. The efficiency of lifetime, transport properties such as electron MFP can be
electron scattering with phonons in the bulk depends on the detérmined. This is the first attempt to separate out the
deformation potential, the softness of the phonon modes, angcontribution of interband and intraband relaxation processes by
the temperature of the sample. Bulk Xe has a soft phonon mode USing momentum-resolved femtosecond TPPE. Intraband re-
as indicated by its low Debye temperature of 654KThe laxation of_n = 1 for a monolayer and bilayer should mainly
deformation potential represents the electrphonon coupling ~ Pe determined by electrerphonon and electrondefect scat-
strength. Study of the temperature dependence of the momentunt€fing. The results show a considerable thickness dependence
resolvedn = 1 lifetime was attempted for a monolayer of Xe. of the scattering rate and therefore an increase in the electron
Due to the minimum attainable temperature of the experimental MFP from a monolayer to a bilayer. Defects such as vacancies
setup and the temperature at which the monolayer of Xe will in the Xe layer will give rise t_o scatterujg sites whose str(_angth
desorb rapidly, the study was done at both 50 and 66 K. The will depend on the layer thickness since the change in the
lifetime of n = 1 at a given parallel momentum, however, did interface potential is more abrupt from clean to monolayer than
not change in this temperature range. from monolayer to bilayer. It should be noted that the electron
The slope shown in Figure 12 is proportional to the change wavefunction overlap with the Xe bulk is higher for the bilayer

in the scattering rate as a function of the changde.iifhe slope than for the monolayer. The bilaygr is also presumably more
for the monolayer and bilayer are 14 and 8 m&Mrespectively, dls_ordered than the monol_ayer. Given the higher rate of scat-
which shows a considerably higher scattering rate as a functiont€"n9 for the monolaye_r, itis suggested that the monolayer
of k; for the monolayer. Intraband scattering due to phonons in XNiPits stronger scattering sites than the bilayer.

bulk materials in the high temperature limit can be approximated 1 he Possibility of electrorphonon scattering cannot be ruled
by the following equatior? out, but the temperature study does not favor eleetfitonon

scattering to be the primary process of electron momentum
2 312 12 relaxation for the monolayen = 1. Trilayer Xe momentum

1_ \/Eac (n) ke TE (11) resolved and partial monolayer coverage experiments will further
T, N nﬁ4pv52 our understanding of the scattering potentials. The packing of

the layers for different layer thickness should have a consider-
able effect on the electron dynamics. In calculating the eleetron
phonon scattering rate as a function of electron kinetic energy
using eq 11, the reduced dimensionality and the wavefunction
overlap with the Xe layer were not taken into account. In both
the monolayer and the bilayer, the electron MFP is expected to
S MPOTa (1t 1 145 Calction SSIMAtes 1 Sl s sk i booon b Ao
rate of an electron re5|d|n.g in the bulk (_)f solid Xe. . nature of the system, surface defect potential, changes in the

Electron-defect scattering plays an important role in the  yensity of states around the Fermi level as a functiok,aind

electron momentum relaxation process. Defects due to structuraly, o dependence of the scattering rates on wavefunction overlap

disorder of the Xe layer can be introduced by growing Xe at \yith the layer would seem most likely to explain the complex
low temperatures such that the probability of obtaining an \ature of electron carrier scattering.

annealed Xe layer is reducétStructural disorder of the Xe
layer may arise from vacancies in the Xe fitfiNeutral impurity Acknowledgment. This work was supported by the Director,
scattering in semiconductor for slow electrons have been Office of Energy Research, Office of Basic Energy Sciences,
modeled by Erginsdy as scattering of electrons with hydrogen Chemical Sciences Division of the U.S. Department of Energy,
atoms. This model has been applied by Plenkieveital. to under Contract No. DE-AC03-76SF00098. The authors ac-
calculate the impurity scattering contribution to the electron MFP knowledge NSF support for specialized equipment used in some
in bulk Xe* The energy dependence of the MFP was implicitly experiments described herein.

accounted for by the energy dependence of the effective mass.
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